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ABSTRACT 

During the period April through June 1971, work was done in the 
following areas: (1) development of zinc decladding and melt decladding 
processes for the preparation of steel-clad LMFBR oxide fuel for acid 
dissolution, (2) study of the crystallization behavior of uranyl nitrate-
plutonium nitrate-nitric acid solutions under consideration as feed 
solutions for a fluidized-bed process to prepare U-Pu oxides from their 
nitrates by denitration, (3) initial runs with uranyl nitrate to study the 
operability of a new denitration pilot plant, (4) evaluation of the pre
cision of an X-ray fluorescence analytical method for determining Th/U 
ratio in ThO.-UO- (a stand-in for UO2-PUO.), and (5) continued investigation 
of the performance characteristics of a centrifugal contactor for the 
plutonium isolation steps in the solvent extraction of LMFBR fuels. 

SUMMARY 

I. Liquid-Metal Decladding of Reactor Fuels 

Liquid-metal head-end processes are being developed at Argonne to 
provide relatively simple and inexpensive techniques for reprocessing 
LMFBR fuels in aqueous-solvent extraction plants. 

In one liquid metal process being studied, the fuel cladding is removed 
by dissolution in liquid zinc at 800°C, after which the steel-zinc solution 
is removed from the process vessel. Next, the fuel oxides, which do not 
react with the zinc and remain in the process vessel, are reduced to metal 
with a liquid Mg-Zn-Ca alloy in the presence of a salt phase. After this 
reduction step, the liquid metal alloy is retorted to concentrate the 
uranium and plutonium for nitric acid dissolution and further purification 
by solvent extraction. During decladding, all of the sodium, iodine, and 
fission-product gases are easily and efficiently separated from the fuel. 
Xenon and krypton are collected as a concentrated gas mixture, and all 
other process wastes are discharged as compact solids that have good heat-
transfer properties. 

Melt decladding is another liquid-metal head-end process under study. 
The fuel oxide is declad by melting both the stainless steel cladding and 
the subassembly structural members and draining part of the molten steel 
away from the fuel. Melt decladding avoids all mechanical dismantling of 
the fuel, allows the liberated fission gases and iodine to be collected, 



<:,„™ the fupl However, the iodine and fission gases 
r a t - ^ r r t f i n e : i ^ h f L f d f m a t n x are'not separated from the fuel by that are 
this process 

r„^,-,..»rinf. Development "f 7,1nc Decladding 

In the zinc-decladding. oxide-reduction ^f^'^'^^'^^'lffZlilTrll 
cladding is dissolved in zinc, then the zinc-steel slurry ^^ "^"^^""^ 
lll'tTl^e tungsten vessel to - P - f ^ " , ^ " ^ „ f : / " ^ h r in ; i th is 
proposed to concentrate this waste by 1^t^ll^"%^"^^, f ^„^3"^f^^ld 
should prove economically a t t ract ive. The use of s t i l l P ° ^ °f J^^^ 
steel for the zinc evaporation step is being " " ^ " " ^ ^ • , ^ ^ ^ "'^^d in 
saturated slurries from several decladding cycles "^ght be ^ ^ " " f ^^ 
the vessel, which would be the permanent storage container for the waste 
stainless s teel . 

To evaluate the corrosion of steels by zinc-stainless s tee l s l u r r i e s , 
4-in. lengths of 3/8-in. black iron pipe were exposed for 1 hr to a Zn 2U 
wt % stainless steel slurry at temperatures up to 850»C. ^^ t -%--P°^"^^ ' , 
the pipe segments showed no detectable corrosion. Evaluation of mild s tee l 
crucibles for retorting of zinc-steel alloys has been s tar ted. 

In another investigation, modifications of the metal-salt reduction 
system used to reduce the fuel oxide are being studied. As reported 
previously, pressed-and-sintered UO pellets have been completely reduced 
in less than 4.5 hr by s t i r r ing the fuel oxide with a system consisting of 
a CaCl,-20 mol % CaF2 salt and either of two alloys~64 at . % Zn-29 a t . % 
Mg-7 at . % Ca or 17 at . % Zn-79 at . % Mg-4 at . % Ca. Since any reduction 
sal t entrained with the uranium-plutonium alloy would cause corrosion 
problems if introduced into the aqueous fuel recovery process, techniques 
for removing the sal t are being studied. Retorting studies showed that 
CaCl, would be removed in the step in which the reduction product alloy is 
retorted to concentrate the uranium and plutonium. Since CaF^ is not 
sufficiently volatile to be evaporated at the conditions used in re tor t ing, 
the possibility of using reduction salt containing no CaF, is under study. 

Two successful reductions of UO. pellets have been made with the high-
zinc reduction alloy and a salt phase containing only CaCl2; two reductions 
with the low-zinc alloy and CaCl, resulted in only 98 and 99% of the UO2 
being reduced in 4.5 hr. 

Another possible modification of the salt-metal system is related to 
the requirement that iodine released during decladding be retained in the 
melt. Any elemental iodine released reacts with zinc in the melt to form 
Znl., which collects primarily in the sal t layer. The addition of KCl to 
the sal t is being considered because in i t s presence the vapor pressure of 
Znl2 over the salt phase is reduced considerably. Because the sa l t from 
the decladdlng step also enters the reduction step, the effect of KCl on 
the UO. reduction rate is being investigated. With a 0301,-25 mol % KCl 
sal t phase, reductions were incomplete with both the high- and low-zinc 
reduction alloys. These poorer reductions may have resulted from a lower 
solubility of CaO in the CaCl2-KCl sal t than in CaCl.. 



Data were needed on the rate of dissolution in nitric acid of U-Pu 
alloys obtained by retorting the uranium-plutonium-magnesium-zinc-calcium 
alloys produced in the reduction step. Small ingots (1.5 to 3.3 g) of 
U-Pu alloys were prepared and treated with boiling concentrated HNO.. 
Alloys containing 1.6 and 9.7% plutonium dissolved readily, but alloys 
containing 64 and 91% plutonium were not completely dissolved. These 
data indicate that U-10 wt % Pu, the expected product of corecovery of 
uranium and plutonium, can be dissolved in concentrated HNOo for subsequent 
feeding to the solvent extraction process. 

Process Demonstration Experiments 

The zinc head-end process will be demonstrated by processing stainless 
steel-clad UO2-PUO2 fuel pins that were irradiated in EBR-II to a burnup 
of "̂ 3.3 at. %. The experimental apparatus for this investigation has 
been installed in the shielded facility and has been tested with a simulated 
fuel pin containing unirradiated UO pellets. 

Melt Decladding 

The last of a series of scouting experiments to explore various schemes 
for melt decladdlng has been completed. Experiments during this period 
were related to a concept in which the subassembly is lowered slowly into 
a furnace so that the steel melts and the steel and fuel pellets fall onto 
a cooled surface. The larger pieces of steel are removed from the fuel 
(e.g., by screening), and the oxide along with associated steel may be fed 
to an acid dissolver. 

In the melt decladding experiments, a small, simulated subassembly 
was lowered vertically into an induction-heated zone. Material falling 
from the hot zone fell through a 6-in.-long unheated zone and onto an 
inclined cold steel tray. When molten ste^l drops struck the tray, they 
formed thin flat plates and about 10% fines. At the end of an experiment, 
a few sections of unmelted cladding were found, but all the UO, pellets 
were observed to be exposed for subsequent acid dissolution. 

The results of these experiments and other results reported earlier 
will be used to prepare preliminary designs of various melt-decladding 
concepts. A process design is described in this report in which the molten 
steel and the pellets are poured from a crucible into separate containers. 

II. Continuous Conversion of U/Pu Nitrates to Oxides 

A continuous fluidized-bed denitration process is under development 
for converting uranyl nitrate-plutonium nitrate solutions to mixed oxides 
suitable for the fabrication of fuel shapes. 

Earlier studies of the cosolubility of uranyl nitrate hexahydrate (UNH) 
and plutonium nitrate in dilute nitric acid solutions were extended in 
order to identify the crystallized phases. This information is pertinent 
to the selection of the feed solution composition for the fluid-bed 
denitration process since the feed solution should be as concentrated as 
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poss ib le to increase throughput but not so concent ra ted t h a t i n a d v e r t e n t 
c r y s t a l l i z a t i o n of plutonium n i t r a t e occurs . In cu r ren t work with s o l u t i o n s 
containing 1.4-2.0M (U+Pu) and U/Pu r a t i o s of 1 to 4, uranyl n i t r a t e was 
the c r y s t a l l i z i n g phase, even from so lu t ions with a U/Pu r a t i o of 1. 
Plutonium contamination of the c r y s t a l l i z e d phase was a t t r i b u t e d mainly 
to an adsorption phenomenon. A separa te study showed t h a t the valence of 
plutonium in such so lu t ions did not a f fec t the c r y s t a l l i z a t i o n t empera tu re ; 
a so lu t ion containing a mixture of hexavalent and t e t r a v a l e n t plutonium was 
found to have about the same c r y s t a l l i z a t i o n temperature as a s o l u t i o n 
containing only t e t r a v a l e n t plutonium. 

Most of the modifications of the d e n i t r a t i o n p i l o t p l a n t necessary 
for work with plutonium have been completed. Major changes inc luded the 
i n s t a l l a t i o n of the d i s so lve r , feed s torage v e s s e l , and feed meter ing 
tank, which comprise the feed makeup system. The f lu id ized-bed d e n i t r a t i o n 
uni t was provided with a l a r g e r opening a t the bottom to f a c i l i t a t e s o l i d s 
removal. 

The f i r s t run (U-7) of severa l new shakedown runs with uranyl n i t r a t e 
was made in the p i l o t p l an t . In the course of prepar ing a 5 0 - l i t e r ba tch 
of 1.9M UNH feed so lu t ion with 1.4t^ excess HNO, for run U-7, the feed makeup 
system functioned wel l . The f lu idized-bed d e n i t r a t i o n un i t was opera ted for 
10.5 hr in Run U-7. The run was performed at 300°C with a f l u i d i z e d bed of 
UO,, a feed ra te of 95 ml/min for the bulk of the run (consuming the e n t i r e 
batch of feed s o l u t i o n ) , and an i n l e t gas flow corresponding to a s u p e r f i c i a l 
l i nea r ve loc i ty of about 0.9 f t / s e c (at column temperature and p r e s s u r e ) . 

The product-removal system (for continuous removal of UO,), c o n s i s t i n g 
of a sidearm for bed overflow and a c o l l e c t i o n r e s e r v o i r , funct ioned we l l 
except for the l a s t two hours when unexplained blockage of the s idearm 
occurred. During the f ina l per iod, product was removed through the valve 
a t the bottom of the un i t . A uniform bed l eve l was maintained dur ing the 
e n t i r e run. The peak UO, production r a t e (during the l a s t 7 h r of the 
run) corresponded to 80 I b / ( h r ) ( s q ft r eac to r cross s e c t i o n ) . 

Sieve analyses of hourly product samples and of a sample of the f i n a l 
bed es tabl i shed the nature of p a r t i c l e s i z e d i s t r i b u t i o n changes. Coarse 
mater ia l (+10 mesh) equivalent to about 3% of the UO, produced was found 
in the f ina l bed; some of the large p a r t i c l e s , obviously formed on the 
spray nozzle, were as large as 1 i n . a c ros s . Accumulation of t h i s amount 
of coarse mater ial in the bed did not a f fec t the opera t ion of the d e n i t r a t o r . 
Sieve analyses showed that average bed p a r t i c l e s i z e inc reased i n i t i a l l y 
and then gradually decreased during the 10.5-hr pe r iod . Firm conclus ions 
regarding p a r t i c l e s ize d i s t r i b u t i o n t rends cannot yet be made because of 
tne l imited duration of the run. 

m - In-Line Analysis in Fuel Fabr ica t ion 

X-ray fluorescence (XRF) i s being s tud ied as a method for a n a l y s i s of 
Plutonium content in oxide fue l , u t i l i z i n g Th02-U0, mixtures as a s t a n d - i n 
for UO2-PUO2. Work i s being done to determine whether the r e l a t i v e s t anda rd 
aevia t ion of +0.5% desired for plutonium ana lys i s can be achieved i n 
analyzing mixed-oxide fuel m a t e r i a l s . Count r a t e s obtained from p e l l e t s 



and powders of Th02-U0, have been subjected to an analysis of variance, 
in which it was assumed that the errors of the method and counting 
statistics are independent and that the variances are additive. 

Four pellets were prepared from each of the following powders: pure 
UO2, ThO^-lO wt % UO., ThO2-20 wt % UO2, and Th02-30 wt % UOj. Five 
measurements were made on each pellet. The variability of measurements on 
the same pellet was determined and attributed to the method; the variability 
of different pellets of the same nominal composition was determined, and 
the variability in excess of that attributable to the method was attributed 
to material effects. 

The relative standard deviation due to the XRF method was adequately 
low, 0.48% at the 95% confidence level. A greater variability was observed 
between samples of Th02-30 wt % UO powder than between samples of Th02-
30 wt % UO, pellets. This indicates a potential problem due to mixing, 
blending, sampling, or material properties. 

IV. Adaptation of Centrifugal Contactors in LMFBR Fuel Processing 

The performance characteristics of a centrifugal contactor suitable 
for use during plutonium purification in the Purex-type solvent extraction 
of LMFBR fuel material are being investigated. In such contactors, 
criticality hazards caused by high plutonium concentrations in the process 
streams will be controlled by limiting the diameter of the contactor to 
geometrically favorable dimensions. The unit is made of stainless steel 
and has a hollow rotor with a 4-in. ID and a 15-in. length. Including a 
12-in. long settling zone. 

Tests have been made with aqueous and organic solutions at operating 
speeds between 2000 and 3500 rpm to measure .separating capacity; separating 
capacity is defined, arbitrarily, as the throughput at a maximum of 1 vol % 
cross contamination of one phase by the other. The aqueous phase consisted 
of 0.5M HNO,; the organic phase consisted of 15 or 30% tributyl phosphate 
in Ultrasene (refined kerosene). For all rotor speeds, capacities were 
lowest at aqueous-to-organic (A/0) flow ratios near 1 or 2 and were higher 
at higher and lower A/0 ratios. At a rotor speed of 3500 rpm, separating 
capacity ranged from 8 to 17 gpm and varied with solution composition and 
A/0 ratio. Based on past performance of other centrifugal contactors, a 
capacity of approximately 10 gpm (within a factor of two) had been predicted 
for the ANL unit. 

Flow surging, reported previously, again occurred during high-speed 
operation and was attributed to excessive pumping characteristics of the 
mixer assembly. Surging was eliminated by bleeding air at a rate of 
0.2-0.3 cfm into the tee at the entrance of the aqueous-organic mixing 
chamber. Thereafter, mechanical operation during the tests was satisfactory. 

Performance of the unit to date demonstrates that small-diameter long-
rotor contactors can be operated stably at high speed and have high capacity. 
Factors related to critical speed and dynamic balance have to be carefully 
considered in the design of such units. 
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V. The E l e c t r o l y t i c Reduction and Reoxidation of Plutonium in Purex 
Processes 

Engineering design s tud ies have been made for a p p l i c a t i o n of e l e c t r o 
chemical reduction of plutonium to Purex process ing of LMFBR f u e l . In the 
preliminary s t u d i e s , pe r t inen t e lec t rochemica l technology and a l so s p e c i f i c 
experimental r e su l t s of s imi la r e lec t rochemical reduct ions of uranium have 
been reviewed and analyzed. From these ana lyses , q u a n t i t a t i v e models were 
es tab l i shed to r e l a t e process va r iab les and design parameters for o p t i m i 
zat ion of equipment design. Emphasis was placed on the design of a cathode 
chamber and a diaphragm for a s t e a d y - s t a t e flow system. 

Interim reference des igns , one with a p l a t e - t y p e cathode and one wi th 
a wire-screen cathode, were developed for a continuous-flow e l e c t r o c h e m i c a l 
reduction uni t to be operated at r a tes up to 500 kg plutonium per day. A 
high degree of compactness, shor t res idence t ime, and low p re s su re drop can 
be embodied in th i s un i t . The holdup volume of a un i t i s about 3 1/2 l i t e r s 
a t 50% reduction ef f ic iency. I t i s v i sua l i zed tha t s e v e r a l such u n i t s 
would be used in conjunction with a bank of c e n t r i f u g a l c o n t a c t o r s . 

In the course of these s t u d i e s , d e t a i l e d analyses were made of mass 
t ransfe r and general flow behavior in e lec t rochemica l c e l l s . E lec t rochemica l 
techniques offer r e l a t i v e l y d i r e c t , more convenient methods of measuring 
mass t r ans fe r , turbulence, and mixing behavior in the l i q u i d phase than do 
other techniques. 



I. LIQUID-METAL DECLADDING OF REACTOR FUELS 
(R. D. Pierce) 

Liquid-metal decladding processes under development at Argonne appear 
to provide relatively simple and inexpensive techniques for solving 
formidable head-end processing problems related to the high bumups, short 
cooling times, and residual sodium of irradiated LMFBR fuels. 

Early LMFBR fuel elements will consist of mixed uranium and plutonium 
oxides jacketed in stainless steel tubes. Following irradiation, these 
fuels may be allowed to decay for as little as 30 days. The localized 
heat generation in LMFBR fuels is very high, creating heat-dissipation 
problems during handling and processing operations. 

131 High concentrations of radioactive iodine (especially I), xenon, 
and krypton in spent LMFBR fuel will present serious problems in handling 
and disposing of the waste-gas effluent from reprocessing operations. To 
avoid excessive emissions of highly radioactive isotopes such as I31l to 
the environment, head-end operations must be performed in a sealed cell, 
and fission gases must be contained efficiently. If possible, the volatile 
elements should be removed from the fuel material prior to the nitric acid 
dissolution step of aqueous fuel processing. 

If sodium is present in failed fuel elements, it too could present 
cleaning and fuel-dissolution problems since sodium can react explosively 
with nitric acid. In addition, the high plutonium content of LMFBR fuel 
presents criticality problems. 

In one scheme for liquid-metal decladding, cladding is removed by 
immersing all of the fuel region of a discharged fuel subassembly in a 
pool of molten zinc having a molten-salt cover layer. (Probably, the 
bottom of the fuel subassembly would be cropped prior to immersion.) The 
zinc dissolves the stainless steel components (i.e., the subassembly 
supporting members and the cladding), but does not react with the fuel 
oxides. The resulting zinc solution is then removed from the decladding 
vessel to separate it from the fuel oxides. The fuel oxides are next 
reduced to metal with Mg-Zn-Ca alloy in the presence of a salt phase. 
Depending on whether the Mg-Zn-Ca alloy has a high or low zinc concentration, 
the uranium and plutonium are removed from the decladding vessel in the 
same liquid-metal solution or in separate liquid-metal solutions. After 
evaporation of the solvent metals, the reduced fuel is dissolved in nitric 
acid for further purification. During the decladding and reduction steps, 
all of the sodium, iodine, and fission-product gases are removed from the 
fuel. 

Advantages of decladding in molten zinc include (1) efficient removal 
and collection of iodine and other volatile fission products, (2) relative 
ease of dissipation of fission-product heat, (3) elimination of the 
requirement for separate sodium-removal steps, (4) discharge of all process 
waste streams (except xenon and krypton) as solids having good heat-transfer 
properties, (5) collection of xenon and krypton in an inert cover-gas 
mixture (containing "̂ -50% Xe plus Kr) of small enough volume (i.e., with 
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minimum dilution) to allow storage in gas cylinders, and (6) process 

simplicity and flexibility. 

The principal disadvantages of liquid-metal decladdlng are a lack of 
industrial experience in the use of refractory metals and graphite as 
materials of construction, and the need to dispose of large quantities 
of reagent salt as waste. Although refractory metals and graphite are 
compatible with liquid zinc and molten salts and although equipment items 
fabricated of these materials have long lives, their cost is a significant 
portion of the processing cost. About 20 ft^ of salt is used for each ton 
of fuel processed. However, solid salt is a convenient waste form, and 
the reagent and waste-disposal costs are not large. (The zinc and magnesium 
reagents are recovered by a vacuum-vaporization process for recycle.) 

Another scheme for liquid-metal decladding utilizes direct melting 
of the stainless steel cladding and subassembly supporting members. A 
major portion of the molten steel can be separated from the fuel and cast 
into a waste ingot; the steel still associated with the fuel can be charged 
with the fuel to either an acid dissolution step or a voloxidation step to 
complete the separation of steel from fuel. Melt decladding avoids mechanical 
dismantling of the fuel, allows liberated fission gases to be collected in 
a compact form, evaporates residual sodium from the fuel, provides a compact 
waste, and adds no extraneous metal to the fuel before it is fed to the 
acid dissolution step. The major difficulties of the step are high temper
ature (>1450°C), relatively poor separation of steel from oxide, difficulties 
in handling the declad fuel, and low removal of iodine from the fuel. 

A. Engineering Development of Zinc Decladding (I. 0. Winsch, T. F. Cannon, 

J. J. Stockbar) 

As described above, the f i r s t s tep in one procedure proposed for 
l iquid-meta l decladding i s to d isso lve s t a i n l e s s s t e e l c ladding by 
immersing fuel subassemblies in molten zinc having a m o l t e n - s a l t cover 
layer . The melt i s contained in a tungsten decladding v e s s e l a t 800°C. 
The z inc - s t ee l solut ion thereby produced i s t r a n s f e r r e d out of the v e s s e l 
away from the fuel . An a l loy of Mg-Zn-Ca and a d d i t i o n a l s a l t are added to 
the fuel oxide and s a l t in the decladding v e s s e l . 

By contacting the oxide fuel with the molten m e t a l / s a l t system, the 
fuel oxide IS reduced to metal and dissolved i n the r educ t ion a l l o y . Two 
schemes for reducing fuel oxides are proposed. In one, which employs a 
high-zinc reduction a l loy , both the plutonium and uranium products a re in 

r̂ du M"'an 'ir'r'^'- '" ^̂̂  °̂ ^̂ '̂ "'̂ -h ^"pî ŷ ^ 1°"- - -
metallic u r a ^ ' Pl"^""^""' ̂ ^ i" solution in the liquid metal and 
itate is s,h P-^f ̂ P"^'-s. In the latter scheme, the uranium precip-

bea ing solu i r h a ' . ' " ° ' " ' ^ ' " "'^°''^^^ " " ^ ^ ^''"^ ^ ^ ' ^ ^he pLtonLm-
sheets for ̂ he^ " transferred out of the reaction vessel. Flow-

se^iL, ^ - ^ 7 9 9 pp!^!ll^:^ ' " ^ ^ " " ' '" '^^ ' ' ' " ' ' ' ' ' ' ^ ^ P ° " ^" '^'^ 

metal^nL!!^" ^''°'" ""^ reduction step becomes a waste stream, and the 
metal phase containing the reduced fuel, which is the head-e;d product. 
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may be pressure-transferred out of the reaction vessel. The product 
solution is further concentrated by evaporating away all or part of the 
solvent alloy prior to dissolution of the metallic fuel in nitric acid for 
aqueous solvent extraction processing. 

In the reduction procedure, all iodine would be released and collected 
in the waste salt and all gaseous fission products would be released in the 
sealed decladding furnace and collected for storage with minimum dilution 
by other gases. 

1. Zinc Distillation 

In the conceptual zinc head-end process for LMFBR fuels, the 
stainless steel cladding is dissolved in a zinc solution and the zinc-steel 
slurry is transferred to a separate vessel. It is proposed to concentrate 
the waste steel in this slurry by evaporating the bulk of the zinc, which 
would be recycled. A vacuum retort used in laboratory investigations of 
the Skull Reclamation Process, a pyrochemical process, is being reassembled 
for use in studying the removal of zinc from waste solutions and the 
preparation of waste steel for disposal. 

The vessel used to collect the zinc-steel solution from decladding 
would also serve as the still pot in the evaporation step. Since it would 
be difficult to remove the steel from the still pot following evaporation, 
consideration is being given to using the distillation vessel as the ultimate 
waste container as well. It might be used for several cycles of collecting 
zinc-steel slurry and evaporating zinc before enough steel is collected to 
warrant disposal of the vessel as a sealed container. Since the waste zinc 
slurry will be saturated with iron from the stainless steel and since nickel 
leaching of a mild-steel crucible would not occur, the zinc is not expected 
to be very corrosive to mild steel. Therefore, a mild steel crucible is 
being considered for the zinc evaporation step. 

A run (ZDS-15) was made to evaluate the corrosion of steel pipe 
by a zinc solution that contained about 20 wt % stainless steel. Four-inch 
lengths of 3/8-in. black iron pipe were exposed for 1 hr each to the zinc-
steel slurry, which was agitated gently. Samples were exposed at 750, 800, 
and 850"C. Following exposure, the pipe was sectioned and examined metallo-
graphically; there was no detectable attack on any sample. 

Crucibles of mild steel will be used in the evaporation studies, 
and any effects of thermal gradients on corrosion will be sought. The rate 
of zinc evaporation, the character of the residue, and the performance of 
the crucibles will be determined. 

2. Reduction of UO, Pellets 

In the reduction step that follows zinc decladding in the proposed 
liquid-metal head-end process, declad oxide fuel is contacted with a liquid 
salt and molten-metal alloy containing a reductant. With adequate stirring 
of the fuel oxide, salt, and alloy phases, the UO, and PuO, are converted 
to metal, and the reduced plutonium is dissolved in the liquid-metal solution. 
Depending on the composition and quantity of the reduction alloy, the reduced 
uranium may be dissolved in the liquid-metal solution, precipitated, or 
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p a r t i a l l y d isso lved . 

As described in the previous r epo r t in t h i s s e r i e s (ANL-7799 
f,.,„ moi-al-salr svstems have been used s u c c e s s f u l l y for : 

17 a t . % 
pp. 15-20), two me ta l - s a l t systems have been used s u c c e s s f u l l y for r educ t ion 
of UO p e l l e t s (UO, i s more d i f f i c u l t to reduce than i s UO2-PUO2) : 1 ' a t . 
Zn-79^at % Mg-4 a t . % Ca/80 mol % CaCl2-20 mol % CaF2 and 64 a t . % Zn-29 
a t % Mg-7 a t . % Ca/80 mol % CaCl2-20 mol % CaF2. The former a l l o y , which 
i s ' low in z inc , dissolved plutonium but has a low s o l u b i l i t y for uranium; 
the l a t t e r a l loy , which i s r i ch in z inc , d i s so lves both uranium and plutonium. 
With e i t h e r system, i t i s proposed to concent ra te the product s o l u t i o n by 
vacuum evaporation p r i o r to acid d i s s o l u t i o n of the plutonium or uranium-
plutonium a l loy ; zinc and magnesium condensate from t h i s s t e p would be 
recycled. 

Some s a l t may be en t ra ined with the reduc t ion a l l oy fed to the 
zinc-magnesium evaporation s t e p . Although CaCl2 would be removed dur ing 
vacuum evaporation (as i s discussed below), CaF2 i s not s u f f i c i e n t l y v o l a t i l e 
to be removed and would en ter the d i s so lve r s o l u t i o n . Since f l u o r i d e ion 
in acid so lu t ion may cause corrosion problems in aqueous p r o c e s s i n g , the 
p o s s i b i l i t y of e l iminat ing CaF2 and using only CaCl2 as the s a l t i s under 
s tudy. 

An e a r l i e r run Mg-Zn-11 (ANL-7799, p . 19) showed t h a t UO2 p e l l e t s 
can be reduced read i ly and completely a t 800°C in a h i g h - z i n c , f l u o r i d e -
free system: 65 a t . % Zn-29 a t . % Mg-6 a t . % Ca/CaClj. However, i n t h a t 
run, the s a l t and metal phases did not s epa ra t e we l l following the reduc t ion 
step—many metal drople ts remained uncoalesced near the m e t a l - s a l t i n t e r f a c e . 
I t has now been demonstrated tha t these d rop le t s w i l l coalesce i f a sho r t 
period of gent le ag i t a t i on i s provided following the vigorous mixing used 
to promote reduct ion. 

Additional runs with CaCl, as the s a l t phase have been made to 
i nves t iga t e (1) the extent of reduct ion with both h igh- and low-zinc a l l oys 
and (2) the UO2 loading in the s a l t phase. Exce l len t reduc t ion was obtained 
a t 825°C in run Mg-Zn-18 which, l i k e Mg-Zn-11, used a h i g h - z i n c , f l u o r i d e -
free system and a salt-to-UO r a t i o of 5. Two at tempts (runs Mg-Zn-15 and 
-19) to reduce UO2 p e l l e t s with a low-zinc/CaCl2 system and a s a l t - t o - U O . 
r a t i o of 5 a t 810-830°C were l e s s successful (99 and 98% reduc t ion in 
4.5 h r ) . This po t en t i a l loss of 1 or 2% of the fuel i s not cons idered 
acceptable . 

In work using l e s s s a l t ( sa l t - to -UO, r a t i o of 1.7) and a 80 a t . % 
Mg-12 a t . % Zn-8 a t . % Ca/CaCl, system at 810^C, reduc t ion was only 50% 
complete in 4.5 hr (run Mg-Zn-I4). A comparable low-zinc run* us ing CaCl , -
CaF2 s a l t (run Mg-Zn-12) had been success fu l . Thus, only the h i g h - z i n c 
al loy has given good reductions with the f l u o r i d e - f r e e CaCl 

"* ~" 
The sa l t - to-UO, r a t i o in run Mg-Zn-12 (erroneously i n d i c a t e d t o be 5 i n 
ANL-7799, p. 18) was 1.7. Thus, Mg-Zn-12 and -14 were performed at 
s imi la r condi t ions . 



The results reported above indicate that the use of CaCl2 as the 
salt for reduction puts a constraint on the UO, loading in the feed and on 
the reduction temperature. One of the products of the reduction is CaO. 
The equilibrium solid phase for the 0301,-030 system is CaO 3t temperatures 
above 835°C, but is CaO-2 CaCl2 below 835°C. To avoid the precipitation of 
the latter voluminous material, it is necessary to restrict the CaClj-to-
UO, weight ratio to values above "̂5 when the reduction temperature is below 
835°C so that CaO will rem3in dissolved in the S3lt. Above 835°C, the 
use of less S3lt m3y be fe3sible. 

Another possible modific3tion of the salt system is related to 
the requirement of complete retention in the melt of the iodine released 
during decladding. The Znl,, formed when the iodine vapor rises through 
the molten zinc, is scrubbed out during passage through the overlying 
salt layer. Dilution of the volatile Znl2 with CaClj decreases the vapor 
pressure of Znl,, and the vapor pressure can be further diminished, for 
better retention, by complexing the zinc. Complexing of zinc ions as 
ZnCl.~2 has been shown to be promoted by the presence of KCl (ANL-7755, 
p. 37). Consequently, use of a C3CI2-KCI sslt is also being considered 
for the decladding step of the zinc head-end process (this salt will also 
enter the reduction step). Another advantage of using CaCl2-KCl is that 
its lower melting temperature would make phase-transfer difficulties in 
the reduction step less likely. 

In one laboratory-scale reduction, 75 mol % CaCl„-25 mol % KCl 
was used at 800°C with a low-zinc alloy (84 at. % Mg-13 at. % Zn-3 at. % 
Ca) at 800°C (run Mg-Zn-16); the ratio of salt to UO2 was 5. Reduction was 
only 94% complete after 3.5 hr, in contrast to 99% in the comparable run 
Mg-Zn-15 in which CaCl, was employed. A CaCl2-KCl run (Mg-Zn-17) was made 
with a high-zinc alloy (64 at. % Zn-30 at. % Mg-6 at. % Ca) at 'V'830°C with 
a salt-to-UO, ratio at 5; reduction was only 89% complete after 5 hr. In 
the comparable CaCl2 runs (Mg-Zn-11 and -18), reduction was essentially 
100% complete. The poorer reductions in Mg*Zn-16 and -17 may have resulted 
from a lower solubility of CaO in the mixed salt than in CaCl2. Although 
KCl is desirable in the decladding step, its concentration in the larger 
quantity of salt used for the reduction step will have to be kept low. 

3. CaCl, Distillation Rate 

To determine whether CaCl, accompanying the Zn-Mg-U-Pu alloy to 
the evaporation step would be removed at an adequate rate with zinc and 
magnesium, the evaporation rate for CaCl, at 0.07 Torr was measured. The 
rate ranged from 15 g hr"^ cm"^ at 1200°C to 0.45 g hr"l cm"^ at 1000°C. 
These rates are more than adequate to assure that any CaCl2 present would 
be removed in the evaporation step. 

4. Dissolution of Uranium-Plutonium Alloys 

Four experiments were done to evaluate the suitability of the 
product of the Zn-Mg evaporation step as feed for the following step, in 
which the alloy will be dissolved in HNO,. (A 10% plutonium alloy would be 
produced from proposed core fuel elements by co-recovery of uranium and 
plutonium with a zinc-rich alloy; a high-plutonium alloy would be produced 
in the head-end step by use of a magnesium-rich alloy.) Since no applicable 



dissolution data were found, an attempt was made to prepare several small 
ingots of selected compositions for dissolution t e s t s . The uranium and 
plutonium did not alloy well; the charges apparently were too small to 
flow and coalesce. Four small ingots that had coalesced par t ia l ly were 
treated with boiling, concentrated n i t r i c acid. These ingots ranged from 
1.5 to 3.3 g and contained 1.6, 9.7, 64, and 91% plutonium. 

Alloys containing 1.6 and 9.7% plutonium were readily dissolved 
in boiling concentrated HNO,, but dissolution of the plutonium-rich alloys 
was incomplete. These data indicate that solubil i ty of a 10% plutonium-
uranlum alloy in concentrated n i t r i c acid is adequate but that diff icul ty 
would be encountered in dissolving high-plutonium alloys in n i t r i c acid. 

B. Process Demonstration Experiments (T. R. Johnson, W. A. Murphy, 
R. W. Clark) 

Experimental apparatus for the investigation of the zinc head-end 
process with 100 g of irradiated fuel has been installed in the shielded 
cell and has been tested in an experiment with a simulated fuel pin con
taining unirradiated UO2 pellets. 

In this experiment, 100 g of pressed and sintered UO2 pellets (0.21-
in. OD by 0.25-in. long, 90% of theoretical density) were placed in a 
Type 316 stainless steel tube that had a 0.25-in. OD and a 0.016-in. thick 
wall. This simulated fuel pin was placed in a perforated tantalum basket 
and immersed in zinc at 800°C. Overlying the molten zinc was a salt layer 
having the composition 90 mol % CaCl,-10 mol % CaF,. After the cladding 
was dissolved in the molten zinc, the basket containing the pellets was 
removed. Magnesium and MgCl2 were added to the zinc to reduce and dissolve 
any UO2 that had escaped from the basket during decladding. 

After the top of the basket was plugged with a piece of magnesium, the 
basket was inverted and immersed in a salt-metal melt (90 mol % CaCl,-10 
mol % CaF2/62 at. % Zn-32 at. % Mg-6 at. % Ca) contained in a second 
vessel. After the UO2 pellets dropped out of the basket, the basket was 
removed and the melt was agitated to reduce the oxide pellets to metal. 
All operations for this experiment were performed remotely and were completed 
satisfactorily. Analytical data are not yet complete. The procedures 
followed were similar to the experimental procedures planned to be used 
with irradiated fuel. 

C. Melt Decladding (I. 0. Winsch, T. R. Johnson, T. F. Cannon, 
J. J. Stockbar) 

The Fuel Cycle Branch of the RDT has asked ANL to evaluate melt de
cladding as a possible head-end process for discharged fast reactor fuels 
In comparison with the shear-roast preparation for fuel dissolution, i t 
appears that a melt-decladding head-end process requires fewer mechanical 
operations, provides some separation of the stainless s teel from the fuel 
oxide prior to dissolution, produces more compact metallic waste, and 
facil i tates collection of fission-product gas for storage. Approaches 
considered for separating molten stainless s tee l from fuel pel lets are as 
follows: 
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1. Melting the steel and allowing it to solidify around the oxide, 
then separating the components by acid dissolution of the oxide. (This 
requires that no significant portion of the fuel becomes completely 
surrounded by stainless steel.) 

2. Heating the fuel subassembly in a vertical crucible having holes 
in its base to allow drainage of the liquid stainless steel from UO2 
pellets and fines (ANL-7767, p. 19). 

3. Melting the cladding while the fuel subassembly rests on a 
crucible wall sloped downward at a small angle to promote flow of molten 
metal away from the pellets (ANL-7767, pp. 19-22; ANL-7799, pp. 20-23). 

4. Melting the stainless steel in an upright crucible and tipping 
the crucible to pour off the steel, having the oxide in the crucible. 

5. Lowering vertically suspended fuel subassemblies slowly through 
an open-bottom furnace so that as the steel melts, the mixture of steel 
and fuel falls onto a cooled surface. The steel forms platelets that 
might be separable from the fuel (ANL-7799, p. 24). 

1. Scouting Experiments 

Results were reported in the previous report, ANL-7799, pp. 20-23, 
of a number of small-scale laboratory experiments using unirradiated 
assemblies of sintered UO2 pellets contained in Type 304 stainless steel 
tubes. These experiments were intended to assist in preparing a rough 
evaluation of the process. 

The final scouting experiments have now been completed. These 
experiments relate to the fifth approach listed above. It is expected 
that this procedure would allow some of the larger pieces of steel to be 
separated from the fuel oxide and would opeft the fuel pins to expose the 
oxide fuel for acid dissolution. Although it is anticipated that little 
separation of oxide and steel could be accomplished before the acid 
dissolution step, the steel would be solidified into compact shapes that 
could be more easily handled in the dissolver than the sections of tubing 
created by shearing. During lowering of the subassembly into the furnace, 
sodium and the fission gases in the gas plenum of the fuel pins would be 
separated from the fuel. Important advantages of this process concept over 
other melt-decladding concepts are that a simple furnace design would be 
used and there would be no requirement for a crucible capable of containing 
liquid steel. 

Two experiments were made to simulate this process. An induction 
furnace was modified so that it had an open bottom permitting a 1 1/2-in. 
OD stainless steel tube to be lowered vertically into the heated zone. 
Drops of molten steel fell from that portion of the tube located in the 
hot zone, through a 6-in.-long unheated section of ceramic tube, and onto a 
cold steel tray inclined at a 45° angle. 

In the first experiment, an empty stainless steel tube (1 1/2-in. 
OD, 1 1/4-in. ID, 4 1/2 in. long) was lowered into the hot zone. In the 
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second run, seven stainless steel tubes (0.25-in. OD, 0.23-in. ID) filled 
with 151 g of UO, pellets were supported in a stainless steel tube (4 1/^ 
in long 1 1/2-in. OD, 1 1/4-in. ID). In both experiments, the drops ot 
molten steel initially formed thin plates with diameters of about 1 m . ; 
these plates slid down the tray. When enough steel had collected in the 
tray to prevent the newly formed plates from sliding, the drops of metal 
collected in a mound under the hot zone. About 10% of the metal formed 
fines caused by splashing of the molten steel. During the second experi
ment, most of the UO, pellets fell with the first drops of metal. It was 
found that 80% of thi oxide pellets were loose and that none of the pellets 
was wet by the steel. A few pieces of the 1/4-in. tube were found unmelted 
and a pellet was found in one of these tubes. All of the pellets had been 
exposed and could be dissolved by acid. 

The metal shapes (the thin plates) formed in these experiments 
would not be significantly easier to handle than pieces of sheared tube 
bundles. However, it should be possible to devise a method to form a 
convenient shape from the steel. For example, the molten steel could be 
continuously cast into a thin strip which would then be cut into convenient 
lengths for feeding to an acid dissolver. 

In another variation of the process, the drops of molten steel 
would fall into a liquid where they would solidify into spheres. Alkali 
nitrate salts are possible liquids that might be used for this purpose. 
Sodium salts that contain compounds such as NaOH, Na2C0,, or NaNO, oxidize 
UO2 to form sodium uranates, which are insoluble in the liquid salt. The 
PUO2 may not be oxidized, but the pellet would be disintegrated, releasing 
the volatile fission products. Following the release of volatile elements, 
the disintegrated fuel could be put into aqueous solution. A process 
employing nitrate salts to dissolve UO2-M0 cermet fuel and to achieve a 
partial separation of uranium from molybdenum and fission products has 
been proposed by Bahr.^ 

2. Conceptual Design 

A conceptual design is being prepared based on use of a tilt-pour 
melt-decladding furnace (Fig. I-l) capable of handling 1 metric ton of 
spent nuclear fuel per 8-hr day. In this concept, two vertically suspended 
fuel subassemblies in a cooled transport chamber are brought to the top 
of a furnace in a process cell. The transport chamber is fastened into 
position, and a lock is opened to allow the subassemblies to be lowered 
into a magnesia-lined graphite crucible, which is inductively heated. The 
rate of lowering is controlled to correspond to the rate at which the 
stainless steel melts. At the furnace temperature of 1550 to 1600°C, the 
stainless steel in the crucible is a liquid and the fuel oxide remains 
solid. After the melt-down period, about 1 hr, the crucible is tilted to 
about 10° below horizontal and the molten steel is poured into a waste-
steel transport mold that has the capacity to contain the steel from 8 
subassemblies (-̂-1 1/2 metric tons). At the end of a day, the transport 
mold is removed from the furnace through a lock. After the steel is 
poured, the crucible assembly is tilted 45° past horizontal in the opposite 
direction to dump the UO2-PUO2 pellets into a chute leading to a lock. 
The pellets then are carried in a transport vessel to a cooled storage area 
and subsequently fed to the HNO, dissolution step. 
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Fig . I - l . T i l t - P o u r Melt Decladding Furnace. 1. MgO Liner of C ruc ib l e . 
2 . Graphi te Cruc ib le . 3. SiC I n s u l a t i o n . 4. Z i rcon ia I n s u l a t i o n . 
5 . Induct ion C o i l s . 6. Coil Support . 7. Argon Supply. 8. UO2-PUO, 
Fuel Chute. 9 . Waste S t e e l Mold. 10. Locks. 1 1 . Lock Gates . 
12. Transfer Chamber. 13 . E leva t ing Mechanism for Fuel 
Subassemblies . 14. Transfer Chamber Cooling Gas I n l e t . 15 . Fuel 
Subassemblies . 16. Argon + F i s s ion Product Gas to Recycle and 
S torage . 17. P e l l e t Transpor t Vesse l . 18. T i l t - P o u r Mechanism 
for Cruc ib l e . 
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An argon closed-cycle atmosphere is maintained in the furnace 
at slightly below process cell pressure during the melt-decladding operation. 
Because fission-product gases are released during the operation, the 
furnace pressure tends to increase. The increase is limited by withdrawing 
some of the gas through a reactive bed to remove iodides and iodine and then 
compressing the gas in intermediate storage tanks. Waste gas is eventually 
compressed into cylinders for permanent storage. 

An advantage of melt decladding as a potential head-end step 
is its basic simplicity; however, some development work would have to be 
done to make the technique feasible. Examples of problems are as follows: 

1. Vaporized sodium and iodine are expected to condense 
on the internal walls and components of the furnace. 

2. There may be significant vaporization of chromium 
from the stainless steel. 

3. Large amounts of heat must be removed from declad 
pellets and from poured waste steel. 

4. Some steel will accompany the fuel and will have 
to be removed from the dissolver after the fuel is 
dissolved. 

5. Literature surveys indicate that about 10% of the 
iodine and fission gases will be retained in fuel 
declad by this process. 
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II. CONTINUOUS CONVERSION OF U/Pu NITRATES TO OXIDES 
(N. M. Levitz, D. E. Grosvenor, S. Vogler, F. G. Teats) 

Conversion of uranyl nitrate hexahydrate (UNH) and plutonium nitrate 
solutions to powdered oxides suitable for the fabrication of fuel shapes 
(pellets) is a necessary and important part of the nuclear fuel cycle. 
The increasing demands for plutonium for LMFBR and plutonium-recycle fuel 
systems provide incentive for developing a new high-capacity conversion 
process. Growing concern over shipment of plutonium as nitrate solution 
gives further impetus to this effort. 

A conversion process based on fluidized-bed technology developed in 
earlier ANL fluidization work shows a high potential for meeting process 
requirements. Basic process steps include fluidized-bed codenitration 
of uranyl nitrate-plutonium nitrate solutions to UO,-PuO, powder, followed 
by fluidized-bed reduction of the U0,-Pu02 with hydrogen to UO2-PUO, 
powder, the required form for fuel manufacture. The process appears to be 
applicable over the entire concentration range of uranium-plutonium nitrate 
solutions and to plutonium nitrate alone. An integrated laboratory and 
pilot engineering program is in progress. Initial emphasis is on the 
denitration step. 

The laboratory program has included solubility and stability studies 
on U/Pu nitrate solutions, and exploratory preparations of U0,-Pu02 and 
U0,-Pu0, powders and U0,-Pu0, pellets for preliminary characterization 
(see previous reports in this series, ANL-7735, -7755, -7767, and -7799). 
Earlier solubility tests showed that crystallization temperatures of U/Pu 
nitrate solutions were lower than those for uranyl nitrate solutions 
alone (ANL-7799, pp. 28-35). Tests were made with solutions in the range 
of concentrations of interest to the pilot plant, up to 2.0>1 total 
actinides and a U/Pu ratio of 4. Use of such relatively concentrated feed 
solutions will be practical. The change in valence distribution of 
plutonium (VI) and (IV) ions in nitrate solution was found to be a zero-
order reaction with respect to Pu(VI) for a 50-day period (ANL-7755, p. 38); 
in the same investigation, the rate of valence change was observed to be 
independent of the initial plutonium concentration for solutions con
taining 0.3 to 1.35M plutonium. Results of additional solubility tests 
performed this quarter are discussed in this report. 

In other earlier work (ANL-7799, pp. 25-29), powders were prepared by 
dropwise denitration (simulating the fluidized-bed process), followed by 
reduction with hydrogen. A few pellets were made from the reduced material. 
Examination of each of the materials by electron-microprobe techniques 
showed good distribution of the PUO2 fraction ('̂'0.2) in both the UO, and 
UO2 matrixes. Pellet densities up to 89% of theoretical were achieved in 
the exploratory pressing and sintering tests. Characterization studies 
will be resumed when materials prepared in the pilot plant become available. 

The pilot plant comprises a 4-in. dia fluidized-bed reactor and 
associated equipment. The equipment was installed in a glovebox and given 
preliminary shakedown tests with uranyl nitrate feed solutions (ANL-7755, 
pp. 40-44). During this report period, modifications of the denitration 
pilot plant were completed to satisfy the general safety and criticality 
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safety requirements for a plutonium f a c i l i t y and t e s t i n g of the equ ip 
ment was resumed. 

A. Laboratory Program - S o l u b i l i t y Studies on U/Pu N i t r a t e So lu t ions 

A knowledge of the c o s o l u b i l i t y of uranyl n i t r a t e and plutonium 
n i t r a t e in d i l u t e n i t r i c acid i s Important to the s e l e c t i o n of the feed 
composition for the fluid-bed d e n i t r a t i o n p i l o t p l a n t . E a r l i e r t e s t s 
(ANL-7799) were made on freshly prepared s o l u t i o n s , which con ta in a 
r e l a t i v e l y high proport ion of Pu(VI) as we l l as Pu(IV). On s t a n d i n g , 
hexavalent plutonium i s reduced to the t e t r a v a l e n t s t a t e by a lpha 
rad ia t ion (see ANL-7755), and i t i s of i n t e r e s t to determine whether 
the plutonium valence s t a t e a f fec ts the c r y s t a l l i z a t i o n t empera tu re . 
C r y s t a l l i z a t i o n experiments on so lu t ions tha t had been s t o r e d for t h r e e 
months were car r ied out t h i s qua r t e r . E s s e n t i a l l y the same c r y s t a l l i z a t i o n 
temperatures were obtained as for f reshly prepared s o l u t i o n s , showing tha t 
the plutonium valence s t a t e has l i t t l e i f any e f f ec t on c r y s t a l l i z a t i o n 
temperature. 

Two add i t iona l c r y s t a l l i z a t i o n experiments were c a r r i e d out to con
firm and extend the e a r l i e r r e s u l t s . The s o l u t i o n s contained a g r e a t e r 
plutonium fract ion than in the e a r l i e r exper iments ; a l s o , the plutonium 
was present as the t e t r a v a l e n t ion. The t e s t s o l u t i o n s conta ined 1.4M 
t o t a l heavy metal ions and 3.4M n i t r i c ac id ; the percentage plutonium~in 
one so lu t ion was 50% and in the other 66.7%. The measured temperatures 
of c r y s t a l l i z a t i o n were -1 .7 and -8 .5°C, r e s p e c t i v e l y . A p l o t of these 
new data along with the e a r l i e r r e s u l t s i s given in F ig . I I - l . R e l a t i v e l y 
high s t a b i l i t y of plutonium n i t r a t e i s achieved in these s o l u t i o n s , probably 
as a consequence of s t ab l e complex ions formed between plutonium (IV) ions 
and n i t r a t e ions in n i t r i c acid s o l u t i o n s . 

The new data a lso confirm tha t the i n v a r i a n t po in t in the uranium-
plutonium-ni t r ic acid system l i e s on the p lu tonium-r ich s i d e , beyond 67% 
plutonium. Unti l the inva r i an t point i s reached, u ranyl n i t r a t e w i l l be 
the p r e c i p i t a t i n g spec ies . This i s important for c r i t i c a l i t y s a f e ty 
We w i l l use uranyl ni trate-20% plutonium n i t r a t e s o l u t i o n s as the b a s i c 
teed so lu t ion for our process work. 

1- Iden t i f i ca t i on of C r y s t a l l i n e Phase 

c r v s t a l l i z f f r n T °î  l^" ^ ' "P""^" '^^ °f ensur ing tha t plutonium does not 
c r y s t a l l i z e from so lu t ion , severa l experiments were c a r r i e d out to i d e n t i f y 
the c r y s t a l l i z e d phase a t so lu t i on concen t ra t ions of process i n t e r e s t 
The procedure consisted of c r y s t a l l i z i n g a f r a c t i o n of the m a t e r i a r f ; o m 
solu t ion and separa t ing the p r e c i p i t a t e from the bulk of the s o l u t i o n b ^ 
i T n i ' t I T ' - H " ' "TT'"'- '^^ - y s t a l l i z e d n ^ t e r i a l was d i s so lved i n ' 
i fauid s ^ ^'f; ' ' " ' ° ' " ' " " ""^ ^"^ly^^'^ f ° ^ Plutonium by alpha 
de e miLd bJ , " f i " " ' " ^ - ^'^^ - a n i u m - t o - p l u L n i u m r a t i o was 
determined by X-ray fluorescence a n a l y s i s . 
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2. Results 

The r e s u l t s of t e s t s with four uranium-plutonium s o l u t i o n s a r e 
summarized below: 

S ta r t i ng Solution 
Composition, H % of Or ig ina l Pu in U/Pu R a t i o , 

Xest U Pu Crys t a l l i zed Phase C r y s t a l l i z e d Phase 

1 1.6 0.4 2.5 16.5 
6 1.12 0.28 3.9 20.2 
9 0.98 0.42 2 .1 15.5 

10 0.86 0.82 3.4 8.4 

The p r e c i p i t a t e s from t e s t s 1, 6, and 9 were yellow and presumed to be 
uranyl n i t r a t e . In t e s t 10, the p r e c i p i t a t e had a green c a s t . The U/Pu 
r a t i o s obtained by chemical analyses i n d i c a t e t h a t the c r y s t a l l i z i n g phase 
was uranyl n i t r a t e , even for the s t a r t i n g s o l u t i o n with a U/Pu r a t i o of 1. 

The plutonium associa ted with the c r y s t a l l i z e d phase i s a t t r i b u t e d 
to a sorpt ion phenomenon. I t i s known tha t so rp t ion of a second spec ie s 
occurs when a s a l t i s c r y s t a l l i z e d from s o l u t i o n con ta in ing more than one 
spec ies . A sorpt ion t e s t was made with uranyl n i t r a t e s o l u t i o n c o n t a i n 
ing cesium-137 t r ace r to confirm th i s phenomenon. When approximately 10% 
of the uranyl n i t r a t e had c r y s t a l l i z e d , 3.4% of the o r i g i n a l cesium a c t i v i t y 
was found with the c r y s t a l l i z e d phase. Since the plutonium concen t r a t i ons 
in the c ry s t a l l i z ed mater ia ls were a t about t h i s l e v e l , a s i m i l a r mechanism 
was assumed to be responsible in both cases . The h ighe r plutonium content 
of the c r y s t a l l i z e d phase from t e s t 10, a U/Pu r a t i o of 8 .4 , as compared 
with U/Pu r a t i o s of 15-20 for the other t e s t s , i s probably due to the 
much higher concentrat ion of plutonium in the s o l u t i o n from t e s t 10. In 
fac t , in th i s t e s t the plutonium concent ra t ion was twice the concen t ra t ion 
of the next most concentrated so lu t i on and the inc reased concen t r a t i on of 
plutonium ions resu l ted in g rea te r so rp t ion of plutonium. 

Sufficient data have now been obtained to guide the s o l u t i o n 
preparat ion for the p i l o t p lant ope ra t i ons . I t i s not planned a t p r e sen t 
to determine the invar ian t point for t h i s system or the e f f e c t of n i t r i c 
acid concentration on the loca t ion of the i n v a r i a n t p o i n t . 

B. Engineering Program 

ÂMi ' J ° ^ " i ' ' ^ t i o n s and i n s t a l l a t i o n work on the d e n i t r a t i o n p i l o t p l an t 
(ANL-7735, p . 54) have been completed, and t e s t i n g with uranyl n i t r a t e 
teed solut ions has been resumed. The modif ica t ions were requi red mainly 
to conform to c r i t i c a l i t y requirements for handl ing l a rge q u a n t i t i e s of 
Plutonium. For example, the s i z e , number, and placement of product 
receivers were fixed, and vesse l s l a r g e r than 4 i n . in diameter were 
t i l l e d with boron-glass Raschig r ings as a fixed nuc lea r poison. Modifi
cations were a lso made to the feed system. The feed system was redes igned 
to consist of three v e s s e l s : a d i s s o l v e r ( 4 - i n . d ia by 36 i n . t a l l ) , a 
teed storage vesse l (16- in . dia by 25 i n . t a l l and f i l l e d with bo ron -g l a s s 
Kaschig r i n g s ) , and a feed metering tank ( 3 - i n . d ia by 40 i n . t a l l ) from 
which the so lu t ion i s metered to the f lu id ized-bed r e a c t o r . Two pumps 



are employed, one for intervessel transfer and the second as the feed 
metering pump. 

A few test runs with uranyl nitrate solutions and with the glovebox 
windows installed are under way to evaluate equipment and procedures that 
will be used for subsequent studies with U/Pu solutions. The first such 
test, Run U-7, has been successfully completed. 

1. Feed Preparation 

Run U-7 included a thorough check of the feed preparation and 
transfer systems and a 10.5-hr fluid-bed denitration run. Fifty liters 
of feed solution was prepared batchwise in 5-liter increments in the 
dissolver and transferred to the feed storage vessel for final adjustment 
of acid content. For each batch dissolution, 3.2 kg of UO, was dissolved 
in 6.0M HNO, in 1-2 hr. The final solution contained 1.9M uranyl nitrate 
and 1.4M HNO3. 

In practice, the total quantity of plutonium in the glovebox 
will be minimized by recycling UO.-PuO, denitration product back to the 
feed system. Batches of U0,-Pu0, will be dissolved according to a pro
cedure developed in laboratory studies (ANL-7735, p. 49). 

2. Fluid-Bed Denitration 

The fluid-bed denitration run was made at 300°C, using 10 kg of 
UO, as the starting bed. The feed rate was initially 65 ml/min, but was 
increased to 95 ml/min and maintained at that rate for about the last 7 hr 
of the run; the latter feed rate corresponds to a UO, production rate of 
80 lb/(hr)(sq ft reactor cross section). The inlet gas flow corresponded 
to a linear velocity of about 0.9 ft/sec, calculated at column conditions 
(300°C, '̂'5 psig). The feed nozzle air-to-^iquid ratio was 420 (based on 
a feed rate of 95 ml/min). The sintered metal filters (two 18-in.-long 
by 3-in.-wide bayonet filters) mounted directly above the bed were blown 
back on a 20-min cycle (one filter every 10 min) with a 0.1-sec pulse of 
about 80-psig air. 

Product overflowed from the reactor continuously into a collection 
reservoir through a nominally 1/4-in. pipe sidearm welded at the 12-in. 
level. The UO, was withdrawn from the reservoir into product receivers 
at 1-hr intervals. During the final 2 hr, plugging of the sidearm 
occurred, necessitating product removal through the bottom drain valve 
during this period. A constant bed level was maintained for the entire 
run. 

The run was evaluated mainly on the basis of particle size 
distribution of the product. A sample splitter was used to obtain small 
(25- to 40-g) representative samples from the starting and final beds and 
samples taken at hourly intervals. Particle size distribution was 
determined using an Allen-Bradley Sonic Sifter. 

The results of the sieve analysis of the UO, product are presented 
in Table II-l. The apparent increase in average particle size from 200 um 
to 234 pm between the starting bed and the sample taken after the first 
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TABLE I I - l . Sieve Analysis of UO^ Product from D e n i t r a t i o n Run U-7 

Hourly 
Sample 
Number 

0^ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10^ 

+20 

1.1 

2.8 

3.6 

5.9 

5.0 

3.3 

3.4 

3.7 

2.0 

0.3 

1.8 

wt 

-20+40 

7.8 

10.2 

17.6 

19.6 

18.9 

16.9 

15.3 

14.7 

12.0 

7.2 

13.0 

% of s 

-40+60 

48.6 

49.4 

49.5 

46.1 

43.5 

43.1 

43.2 

43.1 

43.0 

42.8 

40.3 

ample on 

-60+100 

29.0 

27.3 

25.1 

27.4 

29.0 

32.5 

33.4 

33.1 

36.1 

42.8 

36.6 

given sieve 

-100+200 

8.8 

8.5 • 

4.3 

1.5 

3.1 

3.9 

4.7 

5.3 

6.4 

6.7 

7.5 

-200+325 

3.9 

1.7 

0 

0 

0.3 

0.3 

0 

0 

0.4 

0.3 

0.7 

-325 

0.7 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Mean 

Dia, pm 

200 

234 

279 

302 

279 

264 

262 

259 

241 

229 

236 

Sta r t ing bed, average of two samples. 

Final bed data , corrected for >10 mesh f r a c t i o n ; mean p a r t i c l e d iameter 
was calculated only for the <10 mesh f r a c t i o n . 
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hour merely reflects the loss (elutriation) of fines (-200 mesh) from the 
bed. The remaining sieve analyses show that a lew level of fines was 
present in the bed throughout the run. After the bed was removed, 
approximately 200 g of fines was recovered from the reactor by rapping 
on the column. Overall, the fines inventory in the bed remained fairly 
uniform. 

Sieve analyses show that the average particle size peaked at 
about 3 hr and then gradually diminished, but no conclusions regarding 
size distribution trends can be drawn in view of the short duration of the 
run. 

Approximately 2.8% of the UO, particles produced were greater 
than 10 mesh; some of the particles, obviously nozzle growths, were as 
large as 1 in. across. All coarse material was removed with the final 
bed; material larger than 10 mesh represented about 7% of the final bed 
weight. Accumulation of coarse material in the bed did not interfere with 
operation of the reactor. 

One or two additional runs with uranyl nitrate feed solution 
are planned. Other remaining work includes testing of the glovebox for 
leaks and a test of the efficiency of the AEC filters installed in the 
glovebox. Work with plutonium solutions will then begin. 

REFERENCE 
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I I I . IN-LINE ANALYSIS IN FUEL FABRICATION 
(J . G. Schnizle in , T. Gerding, M. J . S t e i n d l e r ) 

The economic competitiveness of the LMFBR can be improved by lowering 
the fuel fabr ica t ion c o s t s . The development of r ap id , p r e c i s e , and 
accurate i n - l i n e nondestruct ive methods for the ana lys i s of c r i t i c a l fuel 
p roper t i es for the large number of fuel p e l l e t s tha t w i l l be processed 
can help to s i gn i f i c an t l y decrease these cos t s and lead to automated 
procedures. The s t a r t i n g c r i t e r i a that we have s e l e c t e d for e v a l u a t i o n 
of ana ly t i ca l requirements are the s p e c i f i c a t i o n s (and a s soc i a t ed p r e 
cis ion) for p r e i r r a d i a t i o n fuel p rope r t i e s for the Fast Fuel Test F a c i l i t y 
(FFTF) p ro jec t . 

The fuel p r o p e r t i e s , s p e c i f i c a t i o n s , p r e c i s i o n s , and accep tab le 
methods of measurement for FFTF were discussed i n an e a r l i e r q u a r t e r l y 
report (ANL-7735, pp. 60, 63-64). Recent s tandards and s p e c i f i c a t i o n s 
have relaxed some of the c r i t e r i a for acceptable p r o p e r t i e s . P o s s i b l y , 
as addi t iona l information on fuel performance i s obtained from i r r a d i a t i o n 
experiment, spec i f i ca t ions for fuel p rope r t i e s w i l l become l e s s r i g o r o u s . 

The fuel for the f i r s t commercial LMFBRs i s expected t o be uranium-
plutonium oxide. The proper t ies se lec ted for i n i t i a l s tudy are the 
plutonium/uranium (Pu/U) r a t i o and oxygen/metal (0/M) r a t i o , which 
proper t ies w i l l be evaluated in any conceivable f a b r i c a t i o n p rocedure . 
A l i t e r a t u r e survey ind ica t ing tha t the 0/M r a t i o can be determined with 
adequate precis ion by measurement of l a t t i c e parameters of the fuel oxide 
i s described in ANL-7735, pp. 65, 71-80. 

A. Plutonium/Uranium Ratio in Fuel 

X-ray fluorescence (XRF) analys is i s being evaluated as a non
des t ruc t i ve , i n - l i n e a n a l y t i c a l method for determining Pu/U r a t i o s in 
fuel mate r ia l s . In XRF, the c h a r a c t e r i s t i c r a d i a t i o n of the element i s 
exci ted by incident X-rays of energy h igher than the absorp t ion edge. 

The o r ig ina l ly defined s p e c i f i c a t i o n for plutonium content in the 
oTn I T T . / " ^ ^ required a core zone to have a plutonium content of 
2U.U + 0.1%, which imposed a r e l a t i v e p r e c i s i o n of 0.5% on the a n a l y s i s . 
The recent ly relaxed s p e c i f i c a t i o n which r equ i r e s a r e l a t i v e p r e c i s i o n of 
Tn lll"^ g rea ter opportunity for rapid and automated a n a l y t i c a l p rocedures . 
To a t t a i n the desired r e l a t i v e p rec i s ion in the ana lys i s of s o l i d oxide 
proleJlTofrr 17 ' ' ' ' " ' ' " " " " ^ ° " '""^ f luorescence s i g n a l of 
(secondarv n ' ^ ' • ' • ' ^'^"^ absorpt ion c o e f f i c i e n t s , enhancement 
proved , n s - f ' ' ' " ' ^ ^ * ^"^y^ '^ l l i te s i z e , bulk d e n s i t y , e t c . , must be 
r e su l t o ? ^ ^ ^ ^ " " ' 7 p red ic tab ly measurable. Absorption looses a re a 
abso ' t°o„ b f o r h " ' f ' ™ ' ' ' ^"'^'^'^^ ^^ ™ " ^ ^-^ ^y g - i - ' - we l l as 
s p e c t r f has bee . " " ' " ' ' P ' " " " ' " ^^" ^"^^ '""^^"d' u t i l i z i n g the La 
that can reLonaM K ™ ' ° ' " ''"' °' i n t e r f e r e n c e s by any o the r elements 
PP 36-41) expected to be present in a fuel sample (ANL-7799, 

Th02-U02 i s being used as a s t a n d - i n for UO -PuO, for i n i t i a l 
nves t igat ions to avoid the complicat ions and delays of experiments with 
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plutonium, which would have to be done in a glovebox. This substitution 
is practical because of the identical relationship of the atomic numbers 
of each pair of elements and thus of the relevant properties (see ANL-7755, 
pp. 45-46). For example, enhancement or secondary fluorescence occurs in 
both pairs because the characteristic radiation from one element in each 
pair has enough energy to excite the characteristic radiation of the other 
element of the pair. In uranium-plutonium oxides, PuLB excites ULa, and 
in thorium-uranium oxides, UL6 excites ThLa. 

In the experimental program to demonstrate the practicality of this 
analytical method, instrumental choices, sample presentation procedures, 
and material effects are being evaluated. Consideration of a desirable 
sampling procedure to accommodate a high production rate of fuel and to 
extend the ultimate limitation imposed by counting statistics led to the 
use of wider collimating slits to decrease the analysis time per sample 
to less than one minute. With a slit width of 20 mils, adequate resolution 
of the pairs of peaks to be counted was demonstrated (ANL-7755, pp. 45-50). 
Improvements in the sample presentation procedure (ANL-7767, pp. 30-31) 
increased the counting rate and decreased the background. The counting 
equipment has been calibrated for high count rates to account for dead 
time and coincidence (ANL-7799). 

1. Analysis of Pellets 

An investigation is under way to determine whether a relative 
standard deviation of +0.5% at the 95% confidence level can be achieved 
for plutonium analysis of mixed-oxide fuel materials. 

Materials examined included four pellets of each of the concen
trations, 10, 20, and 30 wt % UO. in ThO,, prepared from the mixed powders. 
Four UO, pellets were prepared from pure UO, powder. The pellets were 
sintered in a 6% H2-He atmosphere at 1750°C for 4 hr, and the flat surfaces 
were polished with 600-grit paper. 

In order to determine the functional reproducibility of the X-ray 
fluorescence measurements on pellets, a series of five measurements was 
performed on each pellet of each composition. An example of the data is 
shown in Table III-l, which illustrates the results for thorium and 
uranium measurements of Th02-30 wt % UO, pellets. The average count rate 
and relative sigma for the five measurements on each pellet are at the 
right of the table. Each count rate within the matrix was an average of 
three counts of '̂ '200,000 each, giving o^ount ^ 0.11%. Each count rate was 
corrected for dead time (coincidence). 

3 
An analysis of variance was performed to compare the variability 

of measurements on the same pellet (ascribed to variability of the method) 
with the variability of measurements of different pellets of the same 
nominal composition. The calculation for uranium in the Th02-30 wt % UO2 
pellets is presented in Table III-2. If it is assumed that the errors of 
the method and counting statistics are independent and that therefore the 
variances are additive, the relative standard deviation (RSD) of the method 
can be calculated from the variance of the measurements and the variance of 
the counting statistics. Table IH-3 presents the relative standard 
deviations for measurements, for counting statistics, for errors of the 
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TABLE I I I - l . Results of XRF Measurements of Thorium and Uranium 

in a Series of Th02-30 wt % UO2 P e l l e t s 

X-ray generator s e t t i n g s : 50 kVp, 35 mA, Sn F i l t e r 

Pellet 

ULa Measurement, cps 
Average rel 

1 15344 15257 15316 15284 15343 15309 0.22 
2 15448 15441 15469 15459 15421 15448 0 .11 
3 15303 15289 15278 15306 15315 15298 0.088 
4 15294 15273 15285 15288 15307 15289 0.073 

Grand Mean = 15336 

a ,,% = 0.46% 
r e l 

ThLa Measurement, cps 
P e l l e t 

1 
2 
3 
4 

1 

31932 
31981 
31931 
31921 

2 

31828 
32116 
31834 
31837 

3 

31924 
31952 
31691 
32017 

4 

31858 
32043 
31953 
31972 

Grand 

° r e l 

5 

31901 
32034 
31801 
32010 

Mean 

,% 

Average 

31889 
32025 
31842 
31951 

= 31927 

= 0 .31 

0 ,% re l 

0.12 
0.18 
0.30 
0.21 

Each count rate in the table is an average of three counts of '1-200,000 
and each is corrected for dead time; o . .... 

Grand mean = average of the averages. 

count 
0.11%. 
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TABLE I I I - 2 . Analysis of Variance for 

X-ray Fluorescence Measurement of Uranium in ThO,-30 wt % UO, a,b 

Source 

Between pellets 

Within a pellet 

Total 

Sum 
of 

Squares 

S^ = 84126 

Sg = 8618.0 

92744 

Degrees 
of 

Freedom 

3 

16 

19 

Mean 
Square 

Mĵ  = 28042 

VL = 538.6 

4881.2 

Quantity 
Estimated by 
Mean Squares 

2 ̂  2 0 + n a, o 1 

2 
a 
0 

See Ref. 3, Ch. 6 
b 2 2 

a and o, 
measurement 1 

o ,, of Table HI-3. 
pellet 

number of measurements of each pellet = 5, number of pellets = 4 
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TABLE I I I - 3 . Relat ive Standard Deviat ions 

for XRF Analysis of Fired Th02-U02 P e l l e t s 

Th02, 
wt % 

0 
70 
80 
90 

70 
80 
90 

UO2, 
wt % 

100 
30 
20 
10 

30 
20 
10 

measurement 
(within p e l l e t s ) 

0.14 
0.15 
0.34 
0.33 

0.27 
0.27 
0.26 

Uranium 

Thorium 

b <j 
coun t ' ° 

Analyses 

0.086 
0.11 
0.13 
0.13 

Analyses 

0.11 
0.10 
0.099 

C jj 
"method' ° 

0 .11 
0.10 
0 .31 
0.30 

0.24 
0.24 
0.24 

(b. 

d ,/ 
" p e l l e t * '• 

etween p e l l e t s ) 

e 
0.62 
1.84 
0.87 

e 
1.12 
0.60 

RSD derived from five measurements on same p e l l e t . 

RSD derived from three counts corrected for dead time (see Table I I I - l , 
footnote a ) . 

c 2 2 
RSD derived from the square root of the quantity, a - o . 

measurement count 
RSD for four different pellets having the same nominal composition. 

Null hypothesis (F test) indicates that the variability between pellets 
did not differ significantly from the variability within pellets. 



35 

method, and for the v a r i a b i l i t y between p e l l e t s , der ived from both uranium 
and thorium XRF count r a t e s . 

As expected, for the pure u r an i a p e l l e t s , the v a r i a b i l i t y between 
p e l l e t s i s not s t a t i s t i c a l l y d i f f e r e n t from the v a r i a b i l i t y wi th in p e l l e t s . 
The RSD for the method app l ied to pure UO, p e l l e t s , cons ider ing the RSD for 
counting s t a t i s t i c s and the RSD for measurements, i s 0.11%. 

For the Th02-30 wt % UO, p e l l e t s , the thorium analyses show t h a t 
the v a r i a b i l i t y between p e l l e t s i s not s t a t i s t i c a l l y d i f f e r e n t from t h a t 
w i th in p e l l e t s ; however, uranium analyses for Th02-30 wt % UO, p e l l e t s 
show t h a t v a r i a b i l i t y between p e l l e t s i s s i g n i f i c a n t . 

For the Th02-20 wt % UO2 and ThO2-10 wt % UO2 p e l l e t s , the RSD 
for measurements for both UO2 and ThO, leads to a range of RSD of the 
method of 0.24 to 0.31%. The 95% confidence l i m i t s of the RSD can be ^ 
es t imated by us ing the appropr i a t e degrees of freedom in re ference t a b l e s . 
The l a r g e s t upper l i m i t c a l c u l a t e d a t the 95% confidence l e v e l of the RSD 
of measurements i s 0.48%. Thus, the XRF method app l ied to p e l l e t s 
appears capable of achieving the goal of 0.5% r e l a t i v e s tandard dev ia t ion 
a t the 95% confidence l e v e l . 

A range of 0.60 to 1.84 for RSDs between mixed-oxide p e l l e t s 
was c a l c u l a t e d from uranium and thorium ana ly se s , i n d i c a t i n g v a r i a t i o n 
in excess of t h a t a t t r i b u t a b l e to the method. The excess v a r i a b i l i t y 
may be due to mixing, b l end ing , sampling or m a t e r i a l p r o p e r t i e s of 
mix tu res . 

2. Uranium Content of Th0,-U0, Mixed Powder 

The i n t e n s i t i e s of the La emission l i n e s from uranium and 
thorium were measured for powder mixtures pf ThO,-30 wt % UO,. The 
mixtures were prepared from pure ThO, and from UO2 t h a t had been reduced 
from NBS UjO,. 

An ana lys i s of va r i ance s i m i l a r t o t h a t for p e l l e t s was performed 
for ThO„-30 wt % UO, powder by performing f ive measurements on each of th ree 
powder samples. Three sample cups (ANL-7767) were loaded with powder and 
were counted s e q u e n t i a l l y for f ive measurements on each. The RSDs for 
the measurements were 0.29% for thorium and 0.21% for uranium, which lead 
to RSDs for the method of 0.27% and 0.17%, r e s p e c t i v e l y , a t the 95% 
confidence l e v e l , again below 0.5%. 

No s i g n i f i c a n t v a r i a b i l i t y between samples of powder was i n d i 
cated by the thorium a n a l y s e s ; the uranium analyses showed a RSD of 3.1%. 
This g r e a t e r v a r i a b i l i t y between samples of powder (3.1%) than between 
p e l l e t s (0.62%) of the same nominal composition sugges ts a m a t e r i a l e f f ec t 
in powder t h a t i s g r e a t e r than in p e l l e t s . 

Five measurements on four samples gives 16 degrees of freedom. The 
n e a r e s t degree of freedom in Table H of Davies (p . 107) i s 15, leading 
to f a c t o r s of 0.75 and 1.55 for 95% confidence l i m i t s . 
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I t i s s t i l l to be determined whether v a r i a t i o n s in powder 
p rope r t i e s allow attainment of the necessary p r ec i s ion and accuracy. 
Normally, q u a n t i t a t i v e analys is by a f luorescence technique r e q u i r e s a 
se t of s tandards covering the range of v a r i a b l e s of i n t e r e s t , such as 
composition (element concentrat ion and matr ix c o n t e n t ) , d e n s i t y , g r a i n 
s i z e , and absorption c o e f f i c i e n t s . Criss and Birks^ have formulated 
methods whereby X-ray fluorescence can be ca l cu la t ed from fundamental 
parameters . Computer ca lcu la t ions could g r e a t l y decrease the number o t 
s tandards necessary by allowing some p r e d i c t i o n of s i g n a l l o s se s due to 
mater ia l p r o p e r t i e s . Never theless , experimental work w i l l be r equ i r ed t o 
ver i fy the effect of ce r t a in va r iab les on f luorescence i n t e n s i t y . S tud ies 
of the e f fec t s of p a r t i c l e s i ze and bulk dens i ty on the XRF s i g n a l a r e 
expected to ident i fy the l imi t ing p rec i s ion of the method app l ied to 
powder samples. 

3. Conclusions 

The adequately low v a r i a b i l i t y of the method i n d i c a t e s t h a t XRF 
has the p o t e n t i a l to achieve b e t t e r than 0.5% RSD a t 95% confidence l e v e l . 
The l a rge r v a r i a b i l i t y between samples of powder and p e l l e t s compared with 
the v a r i a b i l i t y of the method ind i ca t e s tha t a problem e x i s t s due to 
mixing, blending, sampling, or mate r ia l p r o p e r t i e s . By s tudy of p a r t i c l e 
s i ze and bulk densi ty e f fec t s on the XRF s i g n a l us ing pure m a t e r i a l s and 
mixtures, i t i s expected that the p r ec i s ion ob ta inab le for powder mixtures 
as well as the f e a s i b i l i t y of improving t h i s p r e c i s i o n by p e l l e t i n g w i l l 
be evaluated. 
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IV. ADAPTATION OF CENTRIFUGAL CONTACTORS IN LMFBR FUEL PROCESSING 
(G. Bernstein, J. Lenc, N. Quattropani) 

Performance characteristics of a centrifugal contactor suitable for 
use during plutonium purification (plutonium-isolation steps) in Purex-
type solvent extraction of LMFBR fuel material are being investigated. 
The contactor (ANL-7799, pp. 43-45) is a modification of the large 
centrifugal contactors in use at the Savannah River plant. In the ANL 
design, criticality hazards caused by the high plutonium concentrations 
in the process streams will be controlled by limiting the diameter to a 
geometrically favorable dimension. Expected advantages of centrifugal 
contactors are (1) reduced radiation damage to the solvent as a result 
of brief residence time in the contactor and (2) improved ease of operation 
(including rapid flushout at the end of a processing campaign). 

Additional tests were made to evaluate the hydraulic and mechanical 
performance of the stainless steel centrifugal contactor, which has a 
hollow rotor with a 4-in. ID and a 15-in. length (including a 12-in. 
long settling zone). Separating capacity was measured over a range of 
rotor speeds of 2000 to 3500 rpm and aqueous-to-organic (A/O) flow ratios 
of 0.33 to 4.0. The aqueous phase was 0.5M HNO,. The organic phase was 
either 15 or 30% tributyl phosphate (TBP) in Ultrasene (refined kerosene). 

In the experiments with 15% TBP at A/0 ratios of '̂ '2.0, separating 
capacity was near the minimum value at all rotor speeds tested. At A/0 
ratios above and below '»J2.0, separating capacities were higher. At all 
A/0 ratios, capacity increased with increasing rotor speed. As shown in 
Fig. IV-1, capacities at A/0 =0.5 ranged from about 6.8 gpm at 2000 rpm 
to about 11.4 gpm at 3500 rpm. At A/0 = 3, capacity was 9.2 gpm at 2000 
rpm. At rotor speeds above 2000 rpm, throughput was found to be limited 
by the size of the inlet piping. The piping was subsequently enlarged 
for the tests with 30% TBP. 

In the tests with 30% TBP, minimum separating capacity over the range 
of speeds from 2000 to 3500 rpm was found at an A/0 ratio of '̂ '1.0. The 
larger inlet lines permitted higher flow rates than had been attainable 
when 15% TBP in Ultrasene was used. Accordingly, capacities as high as 
17 gpm were attained at a rotor speed of 3500 rpm and an A/0 ratio of 4. 
As shown in Fig. IV-2, the relative increase in capacity at low A/0 
ratios was less than had been achieved with 15% TBP in Ultrasene 
(Fig. IV-1). 

During these tests, the air-controlled aqueous weir (ANL-7799, p. 47) 
performed satisfactorily in positioning the aqueoiis-organic emulsion (or 
interface) band between the organic and aqueous weirs at the top of the 

Separating capacity is arbitrarily defined as the maximum total flow 
throughput with no more than 1 vol % entrainment of either phase in the 
exit stream of the other phase. 
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r o t o r (where the aqueous and organic phases are s e p a r a t e d ) . Air p r e s su re s 
required to achieve desired in t e r f ace con t ro l ranged from 0 to 4 ps i and 
conformed closely to the values ca lcu la ted on the b a s i s of formulas 
developed a t Savannah River. 

The preceding report in th i s s e r i e s (ANL-7799) s t a t e d t h a t flow 
surging had created operating d i f f i c u l t i e s as a r e s u l t of uneven flow 
through the contactor . This condit ion was l a rge ly cor rec ted by i n c r e a s i n g 
the number of baff les in the mixing chamber, which thereby reduced the 
pumping capab i l i ty of the mixer paddle. Recurrence of flow surg ing was 
noted in the current work when the i n l e t l i n e s for the process s t reams 
were enlarged. In th is ins tance , surging was e s s e n t i a l l y e l imina ted by 
bleeding a small steady stream of a i r (0 .2 -0 .3 cfm) i n t o the i n l e t t e e 
below the mixing chamber. With a i r p re sen t , the pumping c a p a b i l i t y of 
the mixer paddle was reduced, and flow through the con tac to r was again 
s t a b i l i z e d . 

Before the long-rotor cen t r i fuga l con tac tor was designed, the 
ava i lab le data on the performance of other c e n t r i f u g a l con tac to r s was 
evaluated. A group for es t imat ing the s epa ra t ing capac i ty was p o s t u l a t e d 
in the form 

2 3 
c b 

10^ N D 
m m 

where 

N^ = ro tor speed (rpm) 

0^ = ro tor diameter ( i n . ) 

L = s e t t l i n g length of r o t o r ( i n . ) 

\ = mixing paddle speed (rpm) 

\ ~ paddle diameter ( i n . ) 

capacity at 3500 rpm r ^ g e d fr;m 8 to ^7 ' "^'"^ '""^ "^^ c o n t a c t o r , 
agreement with the nrednVt.d • ^P""" ^^^^ ^^^"^^ "̂̂ ^ i " g°od 
used in the c a l c u L t i o ' l s v a l i d ! " ' ' " ' ' " ' ' " ' ^ ' ' ^ ^ ' ^ ^ r e l a t i o n s h i p 

Performance of the unii- i-^ ^ .^ j 
long-rotor contactors can h » ' V '^^•"""strates t h a t smal l -d iamete r 
capaci ty. Factors l a ' d to c r l t i d l " ' ' ' : ; ' ' . ' i ' ' ^ ^^^ ' ^"'^ ^ ^ ^ ^^^^ 
be careful ly considered in t L ? l^ ^"'^ "^^"^"^^ ' ' ^ l ^ " " have to 

} uusiaerea m the design of such u n i t s . 
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V. THE ELECTROLYTIC REDUCTION AND REOXIDATION OF PLUTONIUM 
IN PUREX PROCESSES 

(W. J . Mecham) 

. , .J j-A i n h i g h - p l u t o n i u m 
Adjus tmen t of p l u t o n i u m v a l e n c e b e t w e e n +3 and +4 ^ " ^ ^ j , p r i m a r -

s o l u t i o n s by an o n - s t r e a m e l e c t r o l y t i c method ^^ b e i n g i n v e s t i g a t . ^ P ^ ^ ^ 
i l y f o r a p p l i c a t i o n t o t h e p l u t o n i u m i s o l a t i o n s t e p s of t h e V 

(A^L-7799!'pp. 48-49). Changing ^ ^ ^ j a l e n c e s t a t e of P u - um during^^^^^ 
solvent ex t r ac t ion allows i t s separa t ion from f i s s i o n P'^°''"^ , 
E l e c t r o l y t i c reduct ion , which would be a s u b s t i t u t e for c u r r e n t l y used 
chemical methods, would have the advantages of P"<=^ss s t a b i l i t y , s a t e t y 
and economy, as wel l as avoiding the s torage of waste from chemical reduc 
t a n t s , which in Purex processes are mixed with h ighly r a d i o a c t i v e w a s t e s . 
The work here reported is par t of a program of development s t u d i e s for 
assur ing the capab i l i ty of Purex technology for r eprocess ing LMFBR f u e l . 

In the preceding quar te r ly repor t in t h i s s e r i e s (ANL-7799) , Krumpelt 
presented an in t roductory analys is of the e l ec t rochemis t ry and the process 
app l ica t ion . The p r inc ipa l va r i ab les were I d e n t i f i e d , and t h e i r i n t e r a c t i o n 
was discussed in some d e t a i l with regard to the most promising l i n e of 
design and development for a c e l l having sho r t res idence t ime, low p r e s s u r e 
drop, and adequate conversion ef f ic iency for a favorable process a p p l i c a t i o n . 

Currently, engineering design s tud ies are under way, i nc lud ing (a) the 
development of engineering data from labora to ry r e s u l t s and o the r s o u r c e s , 
(b) the generat ion, a n a l y s i s , and eva lua t ion of a l t e r n a t i v e e l e c t r o l y t i c 
c e l l designs, and (c) the s p e c i f i c a t i o n , on the b a s i s of des ign ana lyses 
and t e s t s , of an e l e c t r o l y t i c c e l l design s u i t a b l e for p l a n t a p p l i c a t i o n . 
This c e l l design would have to be v e r i f i e d and optimized by subsequent 
experimental s tud ies of a prototype eng inee r ing - sca l e e l e c t r o l y t i c c e l l . 

In t h i s r epo r t , the engineering b a s i s of c e l l design i s emphasized. 
The p r inc ip les of c e l l design are developed with re fe rence to the s t a t e of 
the a r t and in the form of c a l c u l a t i o n a l models which could be a b a s i s for 
optimization of c e l l design. Two c e l l designs are p resen ted i l l u s t r a t i v e 
of reference designs which might be evaluated by component t e s t i n g and 
process demonstration. 

A. Design Parameters: Analysis of Experimental Performance of Flow 
Elec t ro lyzers for Reduction of Uranium 

The conceptual c e l l design (ANL-7799, pp. 60-65) c o n s i s t s of an anode 
and a cathode in ind iv idua l compartments, separa ted by a diaphragm. The 
diaphragm (discussed in Section B.4 below) i s permeable t o i o n s , a l lowing 
ion ic conduction of c e l l cu r r en t , but prevents mixing of the bulk l i q u i d s 
of the two compartments. The cathode has the conf igu ra t ion of s t acks of 
wire mesh screen (or wire c l o t h ) . In the conceptual des ign , e l e c t r o l y t i c 
ce l l s would be inse r t ed between c e n t r i f u g a l con tac to r s t ages (ANL-7799, 
p. 54). 

Because the desired process funct ion i s the reduc t ion of plutonium 
ions , which occurs at the cathode of the c e l l , a t t e n t i o n here i s l i m i t e d 
to cathode performance and des ign. Since no d i f f i c u l t i e s are expected wi th 
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the anodic reaction (formation of oxygen gas from dilute nitric acid), 
this reaction is not discussed. 

In order to relate design parameters to the fraction of plutonium 
reduced in each pass through the cathode chamber, a simple model relating 
cell design parameters was developed. This model follows a standard 
chemical engineering approach for design of steady-state flow reactors, 
viz., a material balance over an element of volume at a position x along 
the length L of the cathode chamber of a cell. A schematic of the electro
lytic cell is shown in Fig. V-1. This chamber has a uniform superficial 
cross-sectional area A. The surface area of the cathode is assumed to be 
distributed evenly within the volume of the chamber at a constant surface 
area per unit volume, S^. As the catholyte flows from the inlet along 
the length of the cathode chamber, the reaction proceeds and C (the concen
tration of the ion species being reduced) decreases. 

The material balance is written for a constant-cross-section electro
lytic cell over the differential element of length. On the assumption that 
an irreversible first-order heterogeneous chemical reaction occurs, the 
balance is as follows: 

(flow rate) • (differential change of ion concentration) = (rate coefficient) 

(concentration driving force) • (cathode surface area) 

Or, as symbols: 

Vj,-dC = - kĵ  C Sy A dx (1) 

where the variables are defined as follows: 

V_ = volumetric flow rate 
r 

C = C(x) = concentration of species (i.e., Pu-IV) being 
reduced, at point x along flow path 

A - superficial cross-sectional area of cathode chamber 

k = specific rate constant (with units of linear velocity) 

For the case in which the inlet Pu(IV) concentration C-^ and the outlet 
Pu(IV) concentration C2 differ little, the variables can be related 
directly by an average value of C as follows: 

reduction rate = k, C S,, AL = V„(C,-C,) (lA) 
L av V r 1 2 

For the general case where C]̂ /C2 is substantially greater than unity, the 
variables are properly related by integrating eq. 1 as follows: 

/P2 A' k S A dx 

1̂ ° 
C k S AL 

2.3 las -^ = - ^ (2) 
^2 ^F 
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FIG. V-1. Diagram for Model of Continuous Electrolytic Cell 
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Certain parameters may be derived directly from the above definitions as 
follows: 

u = superficial linear velocity = V„/A 
r 

S = total surface area of cathode = S AL 

T = residence time in reductor = S/(S V ) 
V F 

L,. ,, = cathode length for reduction of 50% of plutonium = 

0-^^^F 0.69U k^ S^ A k^ S^ 

0.69 Vp 
S ,, = cathode area for reduction of 50% of plutonium = r— 

T , = residence time for reduction of 50% of plutonium = 

0.69 _ ̂ 1/2 

4.6 Vp 
Sv\ " 

S , -- = cathode area for reduction of 99% of plutonium = — . 

In this simple model, k^ can be considered a purely empirical constant 
as in the analysis of experimental results presented below (Table V-1) or, 
if the electrochemical reduction and the flow of electrical current are 
controlled by mass transfer, k can be immediately identified as a mass-
transfer rate coefficient. In either case, the current density i (current 
flux) at the cathode surface at point x is given by k^ C(x) or, more 
exactly, by the expression 16.1 n k^ C for an n-electron transfer. 

It should be noted that this simplified model is subject to certain 
limitations, the most important of which are as follows: 

(a) Electrode field effects on ion transport are assumed to be 
negligible. This assumption is true only for the case of 
an indifferent electrolyte, i.e., an electrolyte with a high 
concentration of nonreacting ions, so that solution conductivity 
due to nonreacting ions is much greater than that due to the 
reacting ions. This condition is closely approximated in 
the present case (hydrogen ions, the principal carriers of 
current, are not converted to hydrogen gas at the cathode). 

(b) Although kL is dependent on the linear velocity (u), the 
feed rate Vp, the cell geometry, solution properties, etc., 
this dependence is not shown in this model. The dependence 
of kr on flow variables is discussed in a later section. 

This model was used to make an empirical analysis of the performance 
of two very different electrochemical cells-*-' that had been used to reduce 
U^ to U*'̂  in dilute nitric acid solution. The performance of these two 
cells and that of the ANL conceptual electrolytic cell could be compared 
because of the generally similar chemical systems. The major difference 
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4 CTTT1 is a one-electron 
is that reduction of plutonium (IV) to Pl"""^""". ^i^^;rsible react ion) , 
reversible reaction (rather than a two-electron ^ " ^ ^ " " 
which occurs at a slightly lower half-cell potential . 

One electrochemical cell^ was a large P^^'^T'^^P^^^^'-ruggerse^works 
savannah River Laboratory. This - j ^ ^ ^ - P - ^ ^ ^ ^ ^ . ^ g e L ^ t t f give six cel ls 
design, with plates stacked in a ^^^ter press ar g ^^^ j^„„,„g 
electr ical ly connected i" - f ^ ^ ^ ^ f ^^^ \ ^ ^ L e t e r s and some performance 
through the cells m parallel . The cell P^ram operations by 
data are given in Table V-1. This - l \ " f ^ "^"^^"^ ' rough the ce l l for 
recycling the electrolyte from a large storage tank througn 
several hours. The fraction converted per pass was small. 

A small cell with a wire-mesh cathode " - o p e r a t e d by the Brit ish 
investigators Finlayson and Mowat,̂  also to reduce U to U / " /^^ '^^ '^ 
acid solutions. They constructed a cell with the catholyte flowing in 
series through modular units to give overall high single-pass conversions 
in a f l ^ (r!ther than a batch) system. In order to obtain a large cathode 
surface area, tantalum wire mesh was used for the cathode. In each unit 
liquid flowed axially through a wire-filled cathode chamber having the form 
of a cylindrical annulus. The inner diameter of the cathode was formed by 
the diaphragm-a cylindrical tube of PORVIC which is a brand of microporous 
polyvinyl chloride having a pore size of 5 ym. The major reason for 
preference of this material was i t s low res is t iv i ty compared with that of 
sintered glass and certain unspecified ion-exchange membranes. As many as 
seven units were tested in series to give 99.8% conversion to U(IV) at a 
flow rate of 1 l i te r /hr . Overall operating data and design parameters for 
this cell are shown in Table V-1. 

From conversion data reported for each of the seven modular units of 
the British cell , values of k-̂  were calculated for successively lower 
uranium (VI) concentrations and tabulated in Table V-2. These values verify 
the assumption that k, is independent of concentration. The kj^'s so 
determined could be used to design cells to give other conversion eff iciencies. 

The preliminary design concept of a wire-screen cathode c e l l , presented 
previously by Krumpelt (ANL-7799), was used to calculate design parameters 
(also shown in Table V-1). (This is only an i l l u s t r a t ive I n i t i a l concept 
and should not be taken as a reference design.) In the calculations, the 
volumetric flow rate and mass rate of reduction were chosen to conform to 
a conceptual Purex flowsheet for production rates up to about 500 kg 
plutonium/day (80% plant factor). Several such e lec t ro ly t ic cel ls would 
be used in conjunction with a bank of centrifugal contactors. 

In later sections of this report, other designs of a wire-screen cel l 
and a plate cell are presented for this reference flowsheet case. 

B. Design Principles 

1. Review of Dependence of Mass Transfer on Flow Conditions 

A discussion in the preceding report in this series (ANL-7799, 
pp. 55-57) is the basis for the assumption that plutonium reduction rate 
and cell current are controlled by mass transfer ( i . e . , rate of diffusion 



TABLE V-1. Calculated Cell Parameters 

from Experimental and Estimated Data 
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Cell Parameter 

Volumetric Flow Rate, V„, liters/mln r 

Mass Rate of Reduction, g-mol/sec 

C , Concentration of Species at Inlet 

Total Current, A 

Current Efficiency, % 

u, Superficial Linear Velocity, ft/sec 

Fraction Reduced in Single Pass 

T, Residence Time, min 
2 

S, Total Cathode Surface Area, ft 

Total Cell Volume, liters 

S , Cathode Area/Cell Volume, cm 

Diaphragm Area/Cathode Area 
2 

Av. Cathode Current Density, A/cm 

g-atom U 
L' , , _s,^^2^,.. „+6s (min)(ft )(M U ") 

\' 
g-atom Pu +4 

(min) (ft^) (M Pu"*"̂ ) 

Stacked 
Plates^ 

540 

0.069 

1.3M U 

24,000'* 

55 

4.4 

0.0055 

0.015 

30 

8.1 

3.1 

None 

0.86 

Type of Cell 

Annular 
Mesh 
Cathode 

0.0167 

5 X 10"^ 

0.50M U 

36 

74 

0.0005 

0.998 

132 

8.5 

2.2 

4.1 

0.55 

0.0046 

Baffled-
Screen 
Cathode*̂  

11.0 

0.033 

0.18M Pu 

3200 

100^ 

0.65 

0.50 

0.27 

8.9 

3.0 

2.8 

0.10 

0.40 

0.10 0.0092 

0.85 

^SRL semiworks cell. The k for this cell was the average rate during the 
initial hour of operation. 

h 2 

British cell. 

*TCrumpelt, ANL-7799, The cell parameters and kL are estimated for 60-mesh 

screen of wire of approximately 7-mil diameter. 
4000 amperes through 6 cells in series. 

Assumed. 

No diaphragm was used, but in this type of cell, a diaphragm would have 
a diaphragm area to cathode area ratio of 1.0. 



48 

2 
TABLE V-2. Variation of k̂^ Calculated from British Data 

for Several Modules (catholyte flow connected in series) 

Electrolytic Reduction: U(VI) to U(IV) 

Nominal Flow = 1 liter/hr 

Nominal Inlet Concentration: 0.5M U 

Seven Identical Cells with Flow Connected in Series 
2 

Cathode Surface per Cell = 1300 cm (est.) 

% of Feed 
Converted % of Feed kL Current 

Modular to U(IV) at Converted [g-atom/(min) Current Efficiency 
Unit Module Exit in Module (ft̂ )(ll)] (A) ffl 

1 32 32 0.0053 9 96 

2 64 32 0.0076 9 96 

3 76 12 0.0047 5 64 

4 88 12 0.0082 5 64 

5 94 6 0.0082 3 54 

6a 99 5 0.021 3 48 

7a 99.8 0.8 0.019 2 13 

Overall 99.8 — av. 0.0092 36 av. 74 

The temperature of these cells was raised to 60°C by applying heat, and 
the catholyte was stirred by rotating the anode compartment. 



of plutonium ions from the bulk of the solution to and from the cathode 
surface). Quantitative relations are developed in the following discussion 
after a brief review of mass-transfer and electrochemical technology. 

The general treatment by Bennett and Myers of those principles 
of the transport process that are common to mass and heat transfer is used 
for the engineering design. These relationships are supplemented by 
McAdams' detailed summary^ of heat transfer (because heat transfer analogies 
can be used to predict mass transfer behavior). The more theoretical 
approach of Hinze^ on the subject of turbulence helps to define the limited 
contributions of theory and the points that require experimental validation. 

The classic paper of Chilton and Colbum establishes the empir
ical basis of the mass-transfer/heat-transfer analogy in terms of dimension-
less groups of variables termed j-factors. These factors are based on 
hydrodynamic model theory applied to standard configurations and are used 
to define formulas for empirical correlations. The basic nomenclature and 
formulas are given in Table V-3. The main point of Table V-3 is the mass 
transfer/heat transfer analogy, which allows mass-transfer rates to be 
predicted from heat-transfer data. 

Subsequent experimental mass-transfer work to confirm the corre
lations for standard configurations was done by Linton and Sherwood,' using 
a dissolution technique to measure mass transfer rates. This work indicated 
that the standard correlations gave calculated kL values that were equalled 
or exceeded by experimental values, thus being "safe" in practical design. 
However, this work was limited in scope and does not furnish the best basis 
for our designs. 

Less experimental data is available on mass transfer than on heat 
transfer. Moreover, even heat-transfer data on flow normal to cylinders 
and wires over a wide range of diameters is limited to the heterogeneous 
collection of data given by McAdams, which is not as clear-cut as desired 
for a design basis. The only modern experimental work on flow over wires 
is that of Piret" on heat transfer to water, which work uses correlations 
of the type 

, ., „ I" „ 1/3 hD /Dup. ,Cp)j, 
— = ^̂  y ̂  ( k ) 

where a and m are numerical constants. The discussion of Piret shows that 
correlations of this form cannot be expressed with constant |i and m over 
a wide range of the Reynolds number. Experimenters who report a constant 
m = 1/2 have done so on the basis of data obtained for the slope Ah/ARe for 
a limited range of D; often, correlations against Re of several orders of 
magnitude are reported for a single D. 

2. Mass Transfer from Wires 

Experimental data on mass transfer rates as a function of velocity 
are not available from the literature for small-diameter cylinders and 
wires. The validity of extrapolation from large-diameter measurements of 
either mass transfer or heat transfer coefficients is questionable, and 

o 

dependence has been placed on the work of Piret,° who obtained correlations 
on heat transfer from water to small wires. Confidence that for a single 
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TABLE V-3. Nomenclature Used in Dimensionless Groups of Variables 
3,6,12 

• u.=af Transfer and Mass Transfer 
for Correlations Common to Heat iransiei 

Dimensionless Groups 
Variables 

Reynolds number = ^ f = R- p̂ heat capacity, Btu/(lb) (°F) 

D diameter (length), ft 

C p u Tl 

P r a n d t l number = J" = r i 

hD 
N u s s e l t number = •;— = Nu 

k 

Sherwood number = —jr— = Sh 
L 

Schmidt number 
PD, 

Sc 

friction factor = f/2 

D mass diffusion coeff., ft /sec 

h heat transfer coeff.. Btu/(sec)(ft )(°F) 

k thermal conductivity, Btu/(sec)(ft )(°F/ft) 

k mass transfer coeff., ft/sec 

u linear fluid velocity, ft/sec 

k 
Cp P 

\i = viscosity, lb/(sec)(ft) 
3 

p = density, lb/ft 
a 2 

H =v = kinematic viscosity, ft /sec 

a 2 
a = thermal diffusivity, ft /sec 

j-factor 

Heat transfer, j = Nu Re Pr 
n 

•1 /3 ^(Re) 

- 1 - 1 / 3 
Mass t r a n s f e r j = Sh Re Sc ' = <tijj(Re) 

ANALOGY: *„(Re) = <ti„(Re) = f / 2 
n u 

Sh Re"-"- Sc"-"- Sc^ ' ' ^ 
- 1 - 1 2 / 3 

Nu Re Pr P r ' 
2/3 

'•u '^pV' '•pCpu'̂ ^ k ' 

TJote similar units for analogous transport processes. 

The complete set of dimensions for k are mass/(time) (surface area) 
(mass/volume)—see text. 
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cylinder, the j factor for mass transfer equals the j factor for heat 
transfer is based on a review of key references presented above and P i re t ' s 
own discussion, 

P i r e t ' s general correlation was: 

P = 0.965 ( y - ' \ ^ ) ° - ^ 
where the solution properties are taken near the wire surface. 

The accuracy of Piret's correlation was evaluated with the 
dimensional formula: 

0.28 
h = (0.28 T„ + 3.86) x 10 ^ 

'F — ^0.72 

where T^ is the arithmetic average of wire and water temperatures, °F. 
In this form, the probable error in h is +3.4%, for the range 0.1 < Re < 10. 

While P i r e t ' s work seems the soundest and most applicable of 
available experimental work, he used wire of only two sizes (1 mil and 
2.6 mils) and linear velocit ies in the range 0.009 < u < 0.45 f t / sec . I t 
would seem desirable to obtain additional evidence that the wire diameter 
has indeed the same effect on hD/k as the l inear flow velocity. 

From the data for a 2.6-mil diameter wire and a velocity of 
0.390 f t / sec , an h of 1.477 Btu/(sec)(ft^)(°F) was calculated. From the 
equation for j - f ac to r analysis in Table V-3, using D, = 5.8 x 10~^ cm^/sec 
and a = 1.50 x 10"3 cm^/sec, kL is 0.695 g-mol/(min)(ft^)(M) ( i . e . , 0.747 
cm/min or 4.08 x 10"^ ft/sec) for these conditions. The value of kL at 
other fluid velocit ies and wire diameters is proportioned according to 
kL - U 0 . 2 8 / D 0 . 7 2 . 

The applicabil i ty of P i r e t ' s correlation to the data for the 
British cel l cannot be established because wire-mesh data are lacking. 
The fact that P i r e t ' s correlation states that the exponent for velocity 
is low (kL "̂  uO-28) could be favorable for a low pressure drop during 
operation. As the fluid velocity is reduced, kL drops relat ively much 
less than does the pressure drop (AP), which correlates as AP « u in the 
turbulent range and AP "̂ u in the streamline range. 

The previous estimate for a 7.5-mil wire (made by another corre
lation for mass transfer) was kL = 0.85 g-mol/(min)(ft )(M), as entered in 
the third column of Table V-1. For the same conditions, kL calculated by 
P i re t ' s formula is somewhat smaller, namely, kL = 0.37 g-mol/(min)(ft )(M). 
Variations of this sort between different empirical correlations indicate 
the need for experimental tes ts as a basis of ce l l design. Optimization 
of residence time and pressure drop, which are very c r i t i c a l in ce l l 
operation, wi l l be controlled by the relationship of kL, u, and D. 

3. Mass Transfer from Plates 
9 

The work of Lin et a l . establishes the basic correlations for 
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mass transfer in an electrochemical cel l for flow within a channel (in this 
case, a cylindrical annulus). Their work shows that measurement of l imit ing 
current densities in electrolytic oxidation-reduction reactions is a conve
nient technique for establishing fundamental mass-transfer re lat ionships . 

Krishna ^ ^ . followed up Lin's work in a very pract ical way. 
They promoted turbulence by adding a packed bed of spheres in the annulus, 
increasing kL's by a factor of 10. In other work, s t i r r ing also has been 
shown to promote mass transfer in flow over cylinders and wires.11>12 

For a plate-type cel l , the basic design concept uses the "standard 
configuration" of liquid catholyte flowing through a channel having a "thin" 
rectangular cross section, i . e . , a small dimension of -vl/S in. This small 
dimension is the distance between the diaphragm and the cathode and i s also 
the path of current flow. 

Mass transfer in this cell is from the bulk of the flowing 
solution to a large wall surface (the cathode) of the channel. For this 
configuration, the basic flow regime is the same as for cylindrical annuli 
and so the work of Lin et al . on diffusion-controlled electrode reactions 
IS the chief source of practical design principles. 

well .= u ^^" K T * ^ ' ^ " ""^^ transfer in his tests was correlated very 

O^ ' ln le^Lt- i s" - : : : h : ^ t : i b ^ : L : r . r " " " ' " - -^^^ ^'-^-^ c o r r e c t i o n s . 

k 2/3 

where f/2 for an annulus is given by 

f/2 = 0.023 (£S_ue.r°'^ 
y 

with the equivalent diameter De = D,-n T • - . 
and 2100 < Re < 30,000. have an ^jL^i'^ •'•" ? '^^''^' "̂"̂  325 < Sc < 3110 
deviation of +15.5%. iae Iccuracv of'^. ' " , ' ° " °* ^^'^^^ ^"'̂  ^ maximum 
oxidation-reduction s e e ^ superio^ to h " " ° 1 ' ^ ' ' " "^'"^ e lec t ro ly t ic 
using dissolution methods. ' ' " " ^ ' ^ °^ ^^''ton and Sherwood^ 

With est im!L^"^soi: t i t° lr :p:r t i :s"°„V:; '= ' ''7 f"^ ^-•" ^ ^ " ^ V-1, together 
reactor. 1 The calculated k ^ i s o ^ ^ a^ / f ' " ^ f ^2^1 ^°^ ^^e SRL plate 

„0,8 0,2 -2/3 
\ = 0 . 0 2 3 ^ ( . , ( ^ ) ^ 

^ - • s cell Shows a stronger dependence of k, on u than do wire-type ce l l s . 



The work of Krishna and Rao with an annulus packed with small 
spheres was done with the same genera l equipment and method as L i n ' s work 
( in f a c t , KrishnalO made e x p l i c i t comparison with L i n ' s work) . Kr i shna ' s 
c o r r e l a t i o n used a Re defined a s : 

D u p 
R e = - ^ . 

where D is the diameter of the spherical packing and u is the superficial 
linear Velocity. Since the void fraction for the packed spheres was 0.41, 
the superficial linear velocity is related to the average linear velocity 
of the liquid in the interstices by the equation u = u /0.41. The ratios 
of kL for the packed and nonpacked cases as a function of Re are as follows 
(appropriately defined for the nonpacked case with an average u): 

De up , • N '̂L (packed) 
— — ^ (no packing) — ^-^ - — ^ 

V k (nonpacked) 
L 

1550 10 

4670 10 

9350 9.1 

17,400 7.5 

Thus for Re = 8440 of the SRL case, the k, would be improved by a factor 
of about 9.4. The above values were based on a plot of Krishna'slO data. 
An analysis of Krishna's data by linear regression resulted in the following 
correlation of jj, vs Re: 

jjj = 0.82 Re"°"^^ (3 < Re < 1400) 

These data are for two sizes of spherical packing, 0.074-in. dia and 0.192-
in. dia. The standard error of the regression, Oy.x, was about 6% of the 
mean jj,. 

4. Diaphragm Design 

The function of a diaphragm in an electrolytic cell is to prevent 
transfer of the cathode solution to the anode (where reoxidation occurs). 
In practice, cell diaphragms consist of rigid partitions with holes or pores 
that allow the passage of cell current by ionic conduction without gross 
movement of solution between the anode and cathode compartments. The dia
phragm thus becomes a special cell component that offers a resistance to 
current flow and contributes a particular voltage drop across the cell. If 
this voltage drop is kept low, electrode potentials can be effectively 
controlled and excessive heat is not generated in the cell. 

a. A Simple Calculational Model for Diaphragm Conductance 

If it is assumed that the cell current must pass through the 
free openings in the diaphragm by ionic conductance, the current density, i, 
based on the superficial area of the diaphragm is given by 
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i = ^ = F(^) I (X,. c ), 
S, Ax J 1 1 
'd " i 

where 

I = total cell current, A 

2 
S , = superficial area of the diaphragm, cm 

F = fraction of S, that is the effective cross-
sectional area for ionic conductance 

AV = voltage drop across the diaphragm, V 

Ax = thickness of the diaphragm, cm 

X = ionic conductance of ion i, (cm ) (ohm )/(g equiv.) 
i 

3 
c = concentration of ion 1 (g equiv)/(cm ) 
1 

The above dimensions balance by v i r t u e of the following equ iva lence : 

A = V-ohm 

In the present ca l cu la t ion of ion ic conductance through the 
diaphragm, i t i s assumed that only H and NO^ ions a re ca r ry ing c u r r e n t . 
Although 0H~ ions are p resen t , t h e i r concen t ra t ion i s very low. Plutonium 
ions have an equivalent conductance about 10 percent t h a t of H"*", but the 
cont r ibut ion of plutonium would be small at low plutonium concen t r a t i ons 
and i s neglected here . 

Since in the above expression for cu r ren t dens i ty a t the 
diaphragm, the ionic conductance, X^, i s a funct ion of both the temperature 
and the concentrat ion, i t i s necessary for purposes of design to cons ider 
the effect of these va r i ab l e s . A temperature of 45°C was s e l e c t e d as 
represen ta t ive of p r a c t i c a l c e l l temperatures ; conduc t iv i ty i n c r e a s e s wi th 
increasing temperature. The dependence of Xj_ on concen t r a t i on can be 
expressed for H+ and NÔ  by means of the r a t i o A^/X^ = 1 - 0.250 M 1 / 2 , 
where Â  i s the equivalent ion ic conductance a t i n f i n i t e d i l u t i o n and M 
i s the molarity of the ion. Also, by the a d d i t i v e p roper ty of the nons^ 
'̂ H''" "*" "̂ NO" "''HNO ^^^^ Robinson and Stokes ,^3 e s p e c i a l l y pp. 148, 372, 465) . 
Thus the formula for the diaphragm conductance can be w r i t t e n : 

AV 1 /? 
1 = F ^ (1 - 0.250 M"-"") 0.550 M, 

where M i s the molari ty of n i t r i c ac id . This approximation i s be l i eved to 
be accurate to within +10% for M <6.0. 

b . Calculat ion of Typical Current Dens i t i e s for Diaphragms 

In order to achieve high conduc t i v i t y , F should be as l a r g e 



as possible, and Ax should be as small as possible. Clearly, considerations 
of mechanical structure impose practical limits here. It is estimated that 
the most favorable practical values of F and Ax are F = 0.40 and Ax = 0.076 
cm. For these values of F and Ax, current densities were calculated for 
various values of AV and HNO, molarity as follows: 

HNÔ  (M) 

1.0 

l.O 

0.10 

0.010 

5.0 

AV,(V) 

10.0 

1.0 

1.0 

1.0 

1.0 

i , (A/cm ) 

22 

2.2 

0.27 

0.028 

6 .8 

Apparently, current densities (flux) at the diaphragm of the order of 
1 A/cm are achievable if favorable diaphragm dimensions can be used and 
there is moderate ionic conduction (in this case, due to acidity). For 
a voltage drop of î l.O V across the diaphragm, the heat generated in the 
cell would increase appreciably and adequate cooling would be required. 

From Table V-1, it is seen that for ratios of diaphragm area 
to cathode area between 1/10 and 1, the cathode current densities were as 
high at 0.40 A/cm^. Since the total current flowing through the diaphragm 
is the same as the current through the electrodes, smaller diaphragm areas 
result in larger current densities at the diaphragm. 

c. Structural Materials for Diaphragms 

Diaphragms of porous plastic and porous ceramic have been 
used and reported in the literature. A small laboratory cell at SRLI used 
a very thin porous ceramic diaphragm; the British cell used a microporous 
polyvinyl chloride. Ceramic material was too fragile in the acceptably 
thin and porous form, and was unobtainable in larger sizes.1^ In the 
absence of experimental tests, the long-term use of porous polyvinyl 
chloride in nitric acid at temperatures likely to be encountered in a cell 
is questionable. Other plastics such as polyethylene, polypropylene, and 
silicone material (G-7 resin) are similarly questionable. The requirement 
that the diaphragm material resist attack by organics is another factor to 
consider. Teflon apparently has generally superior properties in this 
application to a cell diaphragm; excellent technical data are available for 
Teflon. Glass cloth or fiber laminates greatly enhance the structural 
properties of Teflon sheet and are readily available. It has been assumed 
that material having closely spaced perforations would be preferable to 
sintered porous material because the perforated material would be practical 
with higher values of F/Ax in the preceding equation. 

In the selection of material for this application, the wetting 
behavior of the material would be very important. If wetting were not 
complete, the effective cross section would be much reduced, resulting 
possibly in unacceptably high electrical resistance. However, it has been 
reported by duPont that Teflon is wet by acetic acid, hexane, and 
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triethanolamine (among others), and so i t may be possible to a t ta in proper 
wetting of Teflon. If a perforated sheet is selected, i t could be designed 
to function in the absence of wetting by using larger holes. Experimental 
tests are expected to se t t l e these questions. 

Although plutonium ions can diffuse through a diaphragm, i t 
is believed that plutonium diffusion would be small in practice because 
of relatively low plutonium concentrations in the n i t r i c acid solution. 
In flow systems, control of pressure drop across the diaphragm may be 
necessary. Such control could prevent plutonium diffusion through the 
diaphragm if a pressure drop were selected that caused liquid flow to 
oppose the diffusion of plutonium ions under the prevailing concentration 
gradient. 

d. General Considerations of Conductivity of Solutions 

The relation above for ionic conductance in an acid solution 

i = F( | | ) (1 - 0.250 M-'-/2) 0.550 M 

indicates that there will be a voltage drop AV across any portion of the 
current path Ax where current is carried only by ionic conduction; that 
is, where ions are not carried by convectional flow or turbulent mixing. 
In other words, in those portions of the cell where there is well-developed 
flow or good mixing, high cell currents without high voltage drop can be 
expected. The interelectrode spacing will not be important under condi
tions of good mixing of bulk electrolyte, and large AV will occur only at 
stagnant boundary layers adjacent to the diaphragm and at the electrode 
surface itself. 

Since voltage drop is inversely related to mixing efficiency, 
the use of a conductivity cell to measure the efficiency of mixing is 
possible. A standard cell for this purpose would measure total cell cur
rent for a given overall AV. Current would vary with transport effective
ness in a mixing chamber located between the two diaphragms, one diaphragm 
at each electrode. * 

5. Pressure Drop 

Pressure drop for catholyte flow can be calculated by methods 

a n i l o l l llrTlT.Tr' ' " ^ ^ " ^ " ' ^ »^" ' '^°° ' ' " '^ ^ ^^'^^ '^^ ^ - ^ e r e s 

Packed Bed (Ref. 15. p. 5-5Q) 

2 

liead loss, ft f luid/f t length = ^ = TT~ ^̂  " f 

http://llrTlT.Tr'


where u " superficial linear velocity, ft/sec 

E = void fraction 

D " dia of spherical packing, ft 

g = gravity constant, 32.2 ~ — 2 
(lb force)(sec ) 

Wire Screen (Ref. 15, p. 5-35) 

" ' 1 2 
head loss. Ah, ft (fluid) = Ah = ̂ r — ( " ° ) S-

2 g 2 2 
°c a c 

where n = number of screens 

a = projected fraction of open area of screen 

, D u p D u p 
c^ = 0.01 ^ ^ , for - 5 - ^ <100 

a u a p 

(D = aperture width, ft) 

, D u p 
c = 1, for - 5 - ^ >100. 

The effect of these relationships on cell design can be summarized thus: 

1) for beds of packed spheres, e is nearly constant 
(usually e is '̂ -0.4) and hence AP ^ u^ Dp" • This 
is as expected for turbulent flow. 

2) for the wire screens, approximately, 

»u 2 ,1 - a V Ah "c n u^ ( J— ) 
a 

at Reynolds numbers of 100 or more; this is 2 
as expected for orifice flow, since UQ (•=• ~ ̂  ) 
is a kinetic loss factor. For a smaller 
Dg, Ah is proportionately higher for a given 
u, as indicated by the case for Re < 100. For 
screens of higher mesh number and smaller aper
ture, a is smaller and Ah is higher. 
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C. Conceptual Design of a Plate Cell 

In order to illustrate the favorable design possible for a plate-type 
cell, the following design is used to achieve 50% reduction of a 0.18^1 Pu"*"̂  
feed solution with a volumetric rate of 11 liters/min. This corresponds to 
the reference flowsheet for a production rate up to "̂ -SOO kg Pu/day. There 
is a 1/8-in. spacing between cathode and diaphragm. This space is packed 
with a single layer of 1/8-in. dia Pyrex spheres. The superficial liquid 
velocity UQ is 0.24 ft/sec. The Reynolds number, based on the packing 
diameter of 0.125 in., is 84; the void fraction £ = 0.476. The superficial 
cross-sectional area is 25.0 cm^. 

From the above pressure-drop correlation for packed beds 

AP ^ 0 J. ft (head) 
pL • ft (length) ' 

The est imate of kL i s obtained from the c o r r e l a t i o n j = 0.82 Re~0-38 
(above) for Re = "pUpP = 84 as follows: ° 

M 

k 2/3 

JD = ° - " = TT ( ^ ^ ^°^ °e = 0-125 i n . 

k^ = 0.32 cm/rain; 

Sy = 6.58 cm (for the assumed c e l l conf igura t ion) 

Residence time, T„ = 2 i i9 „ -̂ i „,-„ _ , , 
R (0.0324) (65.8) ""^^ ™-n = 20 sec 

Length of cathode in direction of liquid flow, L = (0.24 ft/sec)(20 sec) = 

4.8 ft 

Volume = (11 liters/min)(0.33 min) = 3.6 liters (liquid holdup) 

Overall pressure drop = A£ . ^.2 ft (liquid head) 

Cell width = 25.iO_CH i n ^ - A/ , • 
0.125 in. 6.4 cm2 ~ ''̂ •3 m . = 2.7 ft 

Approximate overall cell dimensi 
ons: 

r e c t i l i n e a r s l a b , 1.5 i n . t h i ck , 3 f t wide, 5 f t long . 

ft2 = 12,000 cm2. ^ h f c u r r ^ n d e n s e r ? f f f " i ' ' ' ''^^'•' ''^ = ^^.O 
i s _ | M = 0.27 A/cm2. " ' " ^ ^ " " ^ ^ ^^ the cathode and diaphragm 
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D. Conceptual Design of a Wire-Screen Cell 

The following specifications exemplify a favorable design of a wire-
screen cell based on the general configuration presented previously by 
Krumpelt (ANL-7799). That cell configuration has been modified slightly 
on the basis of engineering considerations and kL has been calculated on 
the basis of Piret's data. A diagram of the configuration of the cathode 
segment of a cell is shown in Fig. V-2. 

The wire diameter chosen was 7.5 mils, formed in a square mesh of 
32 per in. The openings in the screens and the spacing between screens 
were each 24 mils. This rather small opening and close spacing was selected 
to illustrate the advantages of using a fine wire screen in obtaining a 
compact cell at low pressure drop. Thirty-two screens are placed together 
in a stack in this design. Rods of 1/4-in. diameter are included (Fig. V-2) 
to promote turbulence and to increase Sy, the surface-to-volume ratio. 

S^ = 9.6 cm 

. _ . ,. _ total wire surface area in screen 
A ' superficial area of screen 

D = 24 mils = separation between wires in screen 

a =0.52 (see section B.5 above) 

The fluid velocity UQ is 0.10 ft/sec and kL is 0.237 cm/min, derived from 
Piret's data. A is 60 cm2. Total cathode surface area, 0-69 Vp ĵg 
32000 cm2. The Reynolds number is 35.6. !c£ 

2 
surface area of one screen = (1.50)(0.60) = 90 cm 

32000 „. 
number of screens, n = —rrj— = 356 

number of stacks of 32 screens = 356/32 = 11 

2 
The total volume of catholyte in this unit is 11(60 cm )(5.5 cm) = 3.6 
liters. The total pressure drop across the screens is only 0.42 ft (head), 
in contrast to 6 ft calculated for the plate cell; the small additional 
pressure drop due to flow in other parts of the cell was not calculated. 
The cathode chamber is a rectilinear slab with overall dimensions of 2.2 
in. by 4.7 in. by 22 in. The small dimensions of the cathode chamber serve 
to provide geometric control for criticality. The overall dimensions of 
the entire cell are estimated to be approximately 5 in. by 5 in. by 2 ft. 
The total surface area of the diaphragm is 1320 cm . For the specified 
current flow of 3200 A, the current flux at the diaphragm is 3200 =2.4 
A/cm2. 1320 

In this cell design estimate, the uncertainty of the principal design 
parameters, kL and AP, is believed to be fairly high, about a factor of 
two. Therefore, selection of an optimum design should be used on experi
mental tests. 
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E. Suggestions for Further Work 

In design estimates made so far, only approximate solution properties 
at certain assumed temperatures were considered. A closer look at the 
detailed behavior of important properties over a range of temperatures is 
required for optimization. 

A preliminary review of the literature disclosed that a power supply 
consisting of controlled a-c voltage applied through a stepdown transformer 
and a dry rectifier system is favored at the present state of the art. In 
a three-phase system of half-wave rectifiers, the output d-c voltagel^ 
ripple is only 18%. Further examination should be made as to whether 
additional reduction of ripple is required. 

Proposed components should be tested with respect to mass transfer 
behavior, pressure drop, voltage drop, and materials compatibility. 
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